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ABSTRACT 

The study aims to understand the sedimentation and 
diacienet.ic histories of mixed siliciclastic-carbonate 
sequences which have undergone complex modifications. Four 
wells penetrating a high amplitude rolled-over anticlinal 
structure were studied by integrating seismics, well data 
and actual core samples. Detailed diagenesis was undertaken 
combining several petrographic and geochemical techniques. 

The structure where the mixed sediments are inplaced was 
initiated during Middle Miocene and active during several 
phases of deformation. It is separated from a deeper area 
in the SW by an E-W palaeohigh and from the east by a N-S 
palaeohicib. These palaeotopographic lows and highs were 
responsible for the deposition of the mixed sediments 
sequences. Studies of seismic.well data and core samples 
allow a subdivision of the sequence into three depositional 
subunits: subunits 1, 2 and 3 which unconformably overlie 
the Lower Sandstone unit. Subunit 1 is characterised by 
extensive bioturbation (Planolites and Chondrites). Subunit 
2 is marked by the existence of nodules. breccias and 
alternations of bioclast--rich and clay-rich sediments. 
Thalassinoides burrows are dominant in this subunit. 
Subunit 3 is characterised by laminated siltstone. 
Sedimentary fades suggests that the subunit 1.. 2 and :3 
represent deposition in an offshore (shelf), shallow marine 
storm-dominated 	shoal 	and 	restricted 	nearshore 
environments, respectively. 

During deposition of subunit 1, the eastern part of the 
structure was a part of an erosional high as indicated by 
the absence of subunit 1 in the east. Westwards, shallow 
open marine shelf conditions initiated mixing of bioclasts 
and terrigeneous grains during sporadic storms. A short 
transgression might have occured towards the end of subunit 
1 deposition. Subsidence of the high area (N-S palaeohiqh) 
separated the nearshore of the east to shallow open marine 
of the west. Reggression of marine sediments initiated the 
deposition of subunit 2 (in open shelf) and subunit 3 
(restricted nearshore) Progradation of these facies seaward 
produced the observed vertical sequence as seen in cores. 

Stage A--N cements were precipitated within the mixed 
siliciclastic-carbonate interval. The earliest cements 
recognised within the mixed sediment sequence is stage A-B, 
non-ferroan calcite cements which are commonly formed as 
overgrowth, radiaxial or bladed textures .Stacie C-fl composed 
of localised methane--derived dolomite. This is restricted 



to within the Lower Sandstone unit of well A only. A 
ferroan calcite is initiated by blade, overgrowth and 
scalenohedral stage E-F ferroan calcite cements. This could 
possibly mark the end of early shallow burial diagenesis. 
A deeper burial diagenesis is marked by the extensive 
':(cflhPflCP of ferroan calcite and ferroan dolomite. Stage 
(3-H 	ferroan 	calcite 	(with 	intergranular 	and 
fracture-filling) are 	the most widespread cements and 
obliterated the whole pore spaces. Dolomitization stages 
(-lay-derived and organic-derived dolomites) I-K are also 
widespread. The 	excess 	in Fe2+ level initiated 	the 
occurence of ankerite (stage L---M) . Stage N (late ferroan 
calcite) marked the end of the cementation history of the 
sequence. 

Calculation indicates that the deepest depth of burial is 
recorded by stage L-M (ankerite) is about 3.5 kilometers, 
which precipitated at 49°C. The shallowest depth of burial 
is recorded by methane-derived dolomite which precipitated 
at. 	14 * C. The temperatures of precipitation of the rest of 
the cement stages fall in between these two extremes. 
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CHAPTER 1 

INTRODUCTION 

The first discoveries in the Malaysian Tertiary Basin 

showed hydrocarbons to occur within a shallow marine mixed 

siliciclastic-carbonate sequence in the offshore area of 

Sabah Basin, North Borneo (Fig.1.1). Although the sequence 

is clastic-dominated, it has alternations between two 

lithologies: one 	has 	sharp to gradual boundaries of 

laterally continuous tight horizons resulting from early 

precipitation of calcium carbonate cement (Wanless,1979; 

Maher,1961; 	Olaussen 	et 	al.,1984; 	Ruppel,1983; 

Bathurst,1987; and Bryant et al.,1988); the other porous, 

clay-rich non-cemented horizons. The degree of lateral 

continuity of these cemented zones has important 

implications for production from such a field since they 

may act as extensive barriers to hydrocarbon flow. With 

limited number of wells drilled, it is difficult to 

establish accurately the extent of these cements in the 

subsurface as there are no exposures onshore. The complete 

understanding of the sedimentation and diagenetic history 

of these cemented horizons and their associations may, 

however, be applicable to the assment of cement (and 

pore) geometries and their generations in this reservoir 

and other future reservoirs, of similar origin. 

1 
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11 OBJECTIVES 

The project comprises two parts, involving studies of the 

sedimentological and diagenetic histories of the mixed 

siliciclastic-carbonate interval. 

1. Sedimentological Study : involved the use of integrated 

approaches using seismic profiles, wireline and electric 

logs , and rock samples to achieve the following 

objectives: 

to identify the geometry of the structure where the 

mixed siliciclastic-carbonate sediments were deposited 

and to recognise the structural system which might 

have been responsible for localising diagenetic 

events. 

to establish a vertical and a horizontal litho-

stratigraphic subdivision within the mixed sediment 

interval into which the trends in the variation in 

thickness, lithologies and rock properties could be 

seen within the sequence. 

to 	recognise 	the 	phases 	of 	sedimentation, 

incorporating sedimentary structures, ichnofauna and 

microfossil assemblages, and facies types, leading to 

the interpretation of their mixing proseses and 

sedimentary environments. Further, to construct a 

depositional 	model 	for 	the 	mixed 

3 



siliciclastic-carbonate interval. 

iv. to understand the formation of nodules, breccias and 

alternations between porous, clay-rich non-cemented 

layers 	and 	laterally 	continuous, (bioclast-rich) 

carbonate-cemented horizons. Further, to identify 

factors controlling the selective development of 

cements within the mixed interval. 

v. to establish a palaeofacies development model for the 

mixed siliciclastic-carbonate interval by integrating 

seismic profiles, sedimentary models, limited 

palaeontological evidence and diagenetic environments, 

upon which the history of each sedimentary sequence 

within the mixed interval would be linked with 

stratigraphic times. 

2. Diagenetic Study : involved a variety of microscopic 

and geochemical analyses to achieve the following 

objectives: 

I. to understand the origin, evolution and distribution 

of different dolomite types within the mixed siliciclastic-

carbonate interval and to ascertain the causes of the 

localised (but intense) dolomitization in Well A. 

ii. to establish a carbonate cement stratigraphy within 

the 	pore-filling 	cement 	of 	mixed 

siliciclastic-carbonate sequence and to determine the 

extent of this cement stratigraphy, locally or 

regionally. 

4 



to relate the cement crystal morphology and the 

geochemical characteristics of each individual stage 

within the cement stratigraphy to the nature of fluids 

from which the cements precipitated, and thus to 

ascertain the source of CaCO3, diagenetic environments 

and temperature at which the cements were formed. 

to use the cement stratigraphy as a framework into 

which the relative timing of various cement 

generations and other processes i.e. dissolution, 

mineralization and hydrocarbon migration, could be 

integrated within the structure and to extend the 

complete diagenetic history in other part of the 

basin. 

to see the burial trend of the sequence from changes 

in geochemical composition throughout the cement 

stratigraphy and to relate this to changes in 

sedimentation during the development period of the 

structure and to obtain a pore-occlusion history of 

the mixed sediment interval. 

finally, to establish 	the relationship between 

sedimentation, post-depositional modification and 

diagenetic history in controlling the reservoir 

properties within the mixed siliciclastic-carbonate 

interval. 

1.2 BASIN EVOLUTION AND STRUCTURE 

5 



Th6 Northwest Sabah Basin is a Tertiary sedimentary basin 

that has been regarded as a northern extension of greater 

arawak and proper Sabah basins (Bol and Van Hoorn,1980; 

ASCOPE,1981). This basin appears to be a part of the NW 

Borneo geosyncline (Parke Jr. et al.,1971) which 

corresponds to the later development stages of the NW 

Borneo C3eosyncline (Haile,1981). The basin was initially 

formed by the wrenching of the Crocker Formation basement 

during the Oligocene (Whittle and Short,1978) and it might 

be associated with the evolution of the South China Sea 

from Late Triassic to the Pliocene and the opening of the 

South China Sea within the Palaeocene to Middle Miocene 

(Holloway,1981). The offshore boundary of the basin is 

conventionally considered to be the inner margin of the NW 

Borneo Trench (Sabah Trough). The onshore boundary may be 

regarded as the coastline of western Sabah or the 

demarcation line between N-S directed folds of the NW 

Borneo trend, and the E-W folds of Sulu trend (Bol and Van 

Hoorn,1.980). The demarcation line extends in a south-

southwesterly direction from Mount Kinabalu. After the 

wrenching of Crocker Formation basement during the 

Oligocene, rapid deposition took place, with some 

interruptions by several major periods of deformation as a 

result of the intersection of the two major tectonic 

trends. This has led to the development of 	a quite 

significant hydrocarbon-bearing basin. 
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The study area is located offshore of Kudat 

Peninsular,Sabah (Fig.1.1). The studied wells were drilled 

on a relatively high- amplitude roll-over structure. 

elongated NW-SE and bounded in the east by a series of 

small faults trending parallel to the main boundary fault 

(for details refer to chapter 3). 

1.3 REGIONAL TECTONIC SETTING 

Borneo has evolved essentially by several cycles of 

cjeosynclinal deposition, each followed by folding and 

igneous activity, causing the sedimentary rocks to be 

welded onto the older rocks (Leichti et al.,1960). North 

and Northwest Sabah are located in the region which lies 

close to the intersection of two Palaeogene megatectonic 

trends; the SW-NE oriented Sulu trend and the NW-SE 

oriented NW Borneo trend (Bol and Van Hoorn,1980; 

ASCOPE,1981). This intersection was responsible for the 

present-day structural trends in mainland and offshore West 

and Northwest Sabah. 

Two major fold systems were produced as shown by 

outcrops 	onshore and subcrops 	in adjacent offshore 

areas.The Palaeogene fold-belt has a N-S structural 

orientation, produced by the Northwest Borneo trend but 

changes northerly and easterly into an E-W direction as 

7 



designated by the Sulu trend. The intersection is marked by 

the massive granite of Mt.Kinabalu,Aformed by various 

intrusions during Upper Miocene and Pliocene times (Bol and 

Van Hoorn,1980). 

The Neogene fold-belt has a similar orientation to the 

Palaeogene one, but with a complex structure extending into 

the Kuclat Peninsula (ASCOPE,1981) and the study area. 

Several tectonic phases have been recognised. In the 

western area, a palaeogene deep water sediment deposited 

during Northwest Borneo Geosyncline and deformed during 

Lower Miocene. This deformation 	also affected the 

north-eastern part of the offshore area and continued into 

the Kudat Peninsula. It is represented onshore by a rugged 

mountain range of the Crocker Formation which extends into 

the offshore, formed as a result of Pleistocene epeirogenic 

movements. It was followed by deep marine to continental 

sediment deposition in Lower-Middle Miocene and folded into 

upthrusted anticlines during the early Upper Miocene and 

Pliocene. Deltaic 	to 	shallow marine 	sediments were 

deposited in Upper Miocene, then extensionally faulted by 

Pliocene compressional movement. The Neogene deep water 

sediments were deformed extensively into folds and 

overthrusts during Pliocene times. The greatest effect of 

the Upper Pliocene deformation was in the offshore area 

(Bol and Van Hoorn,1980; ASCOPE,1981). 

8 
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Further offshore in the North and Northwest Sabah, the deep 

marine Crocker Formation was uplifted into an erosional or 

non-depositional high during the Early Miocene and remained 

high 	until 	Late 	Middle 	Miocene. However,towards the 

shore, it was marked by widespread marine deposition of the 

Kudat Formation which had only been uplifted and 

unconformably overlained by coastal-shallow marine 

sediments during early Middle Miocene. 

An extensive transgression and block faulting events 

occured during the Late Middle Miocene times giving rise to 

horst and graben structures in the area. Northwards, the 

erosional or non-depositional high was submerged by a 

shallow sea, followed by the deposition of shallow marine, 

mixed siliciclastic-carbonate sediments. Meanwhile, the 

deeper marine mudstone was deposited in topographic lows 

further south. This sedimentation was succeeded by 

widespread regression of prograding deltaic sequence (upper 

sandstone) during the Late Miocene. 

Three tectonised areas were identified as Miri zone, Rajang 

Trough and Eastern Ophiolite melange zone . A new zone 

called Kinabalu Suture is recently proposed (Tiia, 1988). 

The simplified geotectonic map is shown in Fig.1.2. 

1.4 GEOLOGICAL SETTING AND LOCAL STRATIGRAPHY 

10 
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Basically, there are a lot of uncertain ties in the geology 

of Sabah as a result of structural and formational 

complexity. Therefore, the geological interpretation here 

is very highly localised. 

The deeper marine (Crocker Formation) was uplifted into an 

erosional or non-depositional high in the Early Miocene 

(Foo et al.,1983). The southern area was marked by 

widespread depositon of the Kudat Formation which later 

uplifted in the Middle Miocene and was covered by coastal 

to shallow marine clastic sediments. Shallow marine 

deposition continued northwards. There was an extensive 

transgression throughout the area during thr. Late Miocene 

and block faulting occured in the south giving rise to the 

horst and graben structures. 	Further north, the area was 

submerged by a shallow sea, while shallow marine deposition 

continued in the south which correspond to a period of 

non-deposition over the structural high. A deeper marine 

mudstone unit was deposited in lows in the south. The 

sedimentation was succeeded by regression with the 

development of a thick prograding deltaic sequence marking 

a period of Late Miocene tectonic quiescence. Late Miocene 

clastic supply was cut as shown by the development of 

carbonate reefs which have some influx of marine clastics. 

However, in Late Pliocene to Pleistocene, carbonate reefs 

became widespread due to a shallowing of sea and an end of 

12 
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the supply of clastics into the area (Fiq,1.4), 

15 A MIXED SILICICLASTIC-CARBONATE INTERVAL 

The term 'mixed' here could be defined as sediments 

composed of textural and compositional mixtures of 

carbonate and siliciclastic materials , regardless of the 

process responsible for the mixing. A variety of physical, 

biological and chemical processes, including diagenesis 

could be involved in this mixing. 

The mixed sediment interval occurs in a relatively 

complicated, high-amplitude roll -over anticlinal 

structure. The difficulties in evaluating the structure 

are mainly due to poor seismic sections, the lithological 

complexity and no subsurface mixed sediments were 

penetrated in any other wells or found outcropping on the 

mainland. 

The sequencs of mixed sediments are quite evident from well 

logs and core samples. There are two end-members of the 

spectrum; dark grey, clay-rich sandstones and white, 

bioclast-rich, 	well-cemented 	limestone/calcareous 

sandstones. The rest of the lithologies fall in between 

these two end-members. 

The sedimentary structures appear to have developed from a 

linking of diagenetic nodules, breccias and alternations of 
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porous, clay-rich, non-cemented sediments and tight, 

bioclast-rich, well-cemented sediments. The intensity of 

bioturbation is extremely high. Generally, the sequences 

display marked variations in thickness, composition, degree 

of preferential cementation and dolomitization, grain size, 

sedimentary features, abundance of microfossils, clay 

content and reservoir properties throughout the structure. 
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CHAPTER 2 

MATERIALS AND METHODOLOGY 

2.1 INTRODUCTION 

The project commenced by gathering the results of several 

lines of study: (i) a regional and structural 

interpretation using seismic sections. (ii) establishment 

of lithostratigraphy and well correlation using electric 

and wireline logs, (iii) a detailed sedimentation history 

utilising rock samples and (iv) a diagenetic study using a 

variety of microscopic and geochemical analyses of the 

mixed siliciclastic-carbonate sequence. 

22 MATERIALS FOR STUDY 

Several well materials were used for this study. They are: 

2.2.1 Processed Seismic Sections 

22.2 Electric and Wireline Logs 

2.2.3 Subsurface Core and Cutting Samples 

2.3 METHODOLOGY 

Several methods were used in this study. They are grouped 

as follows: 

2.3.1 Descriptive and Interpretative Analyses 

(a) Seismic and Log Interpretation 

16 



(b) Core and Cutting Description 

2.3.2 Instrument-Aided Analytical Techniques 

Staining and Acetate Peels 

Petrographic Microscopy 

Scanning Electron Microscopy (SEM) 

X-Ray Diffractometry (XRD) 

Cathodoluminescence Microscopy (CL) 

Electron Probe 

Back Scattered Imagenary (BEI) 

Stable Carbon and Oxygen Isotopes 

The details about materials used and methodology adopted in 

this study are described in Appendix 1. 
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CHAPTER 3 

A STRUCTURAL CLOSURE AND MIXED SEDIMENTS INTERVAL 

3.1 INTRODUCTION 

The mixed siliciclastic_Carb0te interval occurs in 

between the two thick sandstone units; Lower and Upper 

sandstone units (Foo et al.,1982). This interval represents 

a continuous succession of sediments which is locally 

onlapped by a mudstone sequence towards the flank of the 

structure. The structure is relatively complex. It is a 

high-amplitude roll -over anticline, bounded by a major 

fault and a series of sub-parallel faults. The limited 

number of seismic sections used, and the poor quality of 

seismic data over the crest of the structure, make 

structural evaluation hazardous. 	The weakness and 

discontinuity of the reflection markers,aS a result of 

complex lithologie5 make the interpretation more 

difficult. The integration with log data, however, afford 

the most reliable means of providing geological control on 

seismic interpretation and reveal quite significant 

features of the mixed sediments, vertically and 

horizontally throughout the structure. 

:3.2 A STRUCTURAL CLOSURE 

As an extension of the structural trend described by Bol 
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and Van Hoorn (1980), the study area has been considerably 

less uplifted than the southern area. The overall 

structures are characterised by a less steeply anticlinal 

trend separated by asymmetric gently folded synclines. 

The studied structure, in particular, is quite complicated 

(see Figs.3.1 and 3.2) . It is a relatively high-amplitude 

rolled-over anticlinal structure which is bounded NW-SE by 

a major synthetic normal fault and cut by a series of small 

antithetic faults trending subparallel to the major fault. 

The main fault extended downwards beneath the structure and 

cut the overpressured shale basement. 

Further in the SE direction, couples of normal and reverse 

faults occur on the crest of the structure. They were 

probably formed as a result of compressional stress (see 

Fig. 3.1). Also, at the crest of the high , 	it is 

associated with poor non-coherent seismic reflections 

similar to those described by Bol and Van Hoorn (1980) as 

'ridge'. The upper part of the crest has been eroded and 

overlain by younger sediments. It is referred to as a 

shallow unconformity (Bol and Van Hoorn.1980). 

The periods of faulting are likely to be episodic rather 

than continuous. Geophysical evidence indicated that the 

main fault was not initiated until post-horizon 2 time. 

Seismic evidence also showed that the structure may have 
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been a slight high at the time of deposition and has been 

active during several phases of Miocene deformation. 

3.3 SEISMIC HORIZONS AND STRATIGRAPHIC SEQUENCES 

The seismic horizons which represent each stratigraphic 

unit were picked from the seismic sections as in Figs. 3,1 

and 3.2 The seismic markers and reflecting horizons were 

identified entirely based on behaviour of the seismic 

reflectors which mostly represented the bottom and top of 

the prograding and onlapping sequences. 

The Kudat Formation which comprises thick deep-marine 

sediments marks the economic basement in the area. The 

structural complexity within the basement is due to 

stresses acting in the N-S and E-W directions which have 

been active since the early Tertiary (Barzani,1989). The 

boundary between the Kudat Fm and overlying Lower Sandstone 

is not clear as a result of the lithological complexity. 

However, the existence of this sandstone unit is quite 

obvious from log 	responses in Wells A and B. In house 

palaeontological data indicate that these two units were 

probably seperated by an unconformity. On seismic sections, 
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this unconformity could not be recognised as a result of 

spurious seismic events and the strata beneath the plane of 

unconformity do not lie at a discordant angle to those 

above it. 

The mixed siliciclastic-carbonate interval was represented 

by the sediments in between the horizons 2 and 3., which 

represent the bottom and top of the sequence, respectively. 

The bottom part could be observed clearly from every 

seismic profile. However, the upper part of the sequence is 

rather speculative and only clear 	in 	one profile. The 

integration of log characters and core samples shows that 

the mixed sediment thickness increases towards the west and 

northwest directions and thins towards the southeast 

direction. Into the flank of the structure, the mixed 

sediments are commonly onlapped by a mudstone sequence. 

A younger,thick friable 	sandstone 	unit 	overlies and 

blankets the mixed sediment sequence. Within the 

stratigraphic unit, a carbonate build-up-like structure and 

a small basin infilled by several phases of oppositely 

directed prograding units were deposited. This situation is 

only possible with the existence of a palaeo-high 

structure. Overall study shows 	the 	occurence of two 

possible palaeo-highs within the structure; one has a ENE 

trend and another one with N-S trend (Fig.3.8 ). Seismic 

evidence indicates that both palaeohighs already existed 

since the pre-horizon 2 sequence. 

24 



Another episode of prograding and onlapping sequences 

overly the upper sandstone unit. The sediments 	thicken 

towards the flank of the structure and blanket the whole 

structure. On the seismic sections, they can easily be seen 

as continuous and uniform reflection characters indicating 

marine deposition. 

3.5 LOG BEHAVIOUR WITH DEPTH AND WELL CORRELATION 

Well log analysis has given more precise information than 

seismic data about the nature of the sediments vertically 

and horizontally within the mixed sediments interval. 

Integration of gamma-ray, sonic, resistivity, density and 

neutron log responses were used to find out the changes in 

lithologied throughout the interval. The similarity in CR 

and sonic responses from the four wells showed that there 

were slight lithological changes. Additionally, the density 

and neutron logs displayed fluctuations in the log 

responses possibly caused by the degree of cementation and 

alternation between a highly cemented and weakly-cemented 

horizons. The density values appear to increase within the 

highly cemented interval as the porosity values tend to 

decrease at this level and vice versa within the 

weakly-cemented horizons. 

A direct comparison with the core samples indicated that 

any increase in carbonate content is the results of a 

26 



higher proportion of sandy limestone or calcareous 

sandstone rather than distinct lithological changes. 

Microscopic evidence (see chapter 4 and 5) also indicated 

that the fluctuation in density and porosity values were 

caused mainly by the occurence of carbonate cements which 

were controlled by the intensity of bioturbation, and the 

content of microfossils and clays. 

Based on the GR and sonic responses on four studied wells, 

supported by resistivity, density and neutron log 

characters, the mixed siliciclastic-carbonate interval could 

be divided into three major divisions, as also been 

recognised by Foo et al. (1983). They 	are Lower, Middle 

and Upper divisions (also called subunits 1, 2 and 3) which 

are underlain 	by the Lower Sandstone unit. 

The Lower Sandstone is represented by silty to coarse 

sandstone with sjrks of limestone. Most of this interval 

has been partially to completely dolomitised. 

The Lower division (subunit 1) reflects a homogeneous 

siltst.one-sandstone response throughout the interval with 

thin limestone spikes towards the base of the sequence. The 

interval was moderately cemented by carbonate minerals with 

a gradual transition between cemented and non-cemented 

beds. 
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Upper Division 	The ak response 15 comparatively higher 
[subunit 3] 	 L..DL... 	and 

CNL over the lfltar\ral 

Middle Division 	A sharp decrease at the top of the 

[cub u ni t 21 	 rtsve. .1(about 30 API iIR) 1 hs GE: response 
consistent at. low and spiky downwards.  
sharp Drop in sonic: transit. time 180— 

I 40c::u/.......1,  he: 	CNL and 	LUL show a sharp 
downhole xi: rcease Gon ic:: 	log exhibits a 
variable spiky response.  

Lower Division 	A slightly higher 13F< response than the: 
[sub u n I t I ) 	 Middle and less spiky. A sharp increase 

in 6k at. base There is a shift in L..DL CNL 
and sonic transit time., 

Lower Sandstone 	The EF. is inconsistent, 	ior and very 
spiky. The 6k response higher at bass. 
inconsistent sonic: transit time and very 
spiky appearance 

Table Ila SUMMARY OF LOG H:LUNdt::. I.........:rrfyjT  THE NI I dT  

SEDIMENTS i 
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The Middle division (subunit 2) displays a consistently low 

sonic response, 	which 	becomes rather spiky downwards. 

This division represents a better bedded, cleaner, coarser 

unit with comparatively higher carbonate content than the 

over-and underlying sediments. The changes from 

non-cemented to highly cemented horizons are quite sharp. 

The upper division has a comparatively higher GR response 

with consistent neutron and resistivity characters. The 

interval represents a siltstone unit with minor 

cementation. 

The detailed log characters for each division is given in 

Table 3.1. 

Correlation between the four wells (Fig.3.4.) indicates that 

the lithofacies thickness decreases eastwards into wells A 

and B. The Lower Sandstone bed thkkens 	in that direction. 

The Lower Sandstone and the overlying unit are separated by 

a probable short period unconformity which was recognised 

partly based on poor dipmeter results. The Lower Sandstone 

sediments were deposited during the Middle Miocene, while 

the rest of the mixed siliciclastic-carbonate sequence 

(subunit 1 to 3) were deposited during Late Middle to Late 

Miocene (Rashidah et al.,1985). 
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CHAPTER 4 

SEDIMENT TEXTURES AND PRIMARY SEDIMENTARY STRUCTURES 

4.1 INTRODUCTION 

Three depositional subunits (so called subunits 1,2 and 3) 

have been identified based on seismics, locis and core 

samples. These subunits overlay the Lower Sandstone unit. 

By using a limited amount of cores, suppl.imented by eutt.inci 

samples, the primary sedimentary structures and textures 

were described to obtain the significant differences 

between each subunits. 

4.2 THE LIMITATIONS OF CORE AND CUTTING DESCRIPTIONS 

The core description has been made based on 4 inch width 

cores. Wherever the core samples were not 	available, 

cutting samples used. Therefore, some limitation and 

restriction have arisen. One should consider that the core 

size might not represent the full length of the sedimentary 

structures. The boudinage or big nodules and breccias when 

being cut may appear as alternate beddings of two 

lithologies. Many other examples could be confusing 

The sediment texture is difficult to describe using the 

cutting samples of <5.0 mm in diameter. Furthermore, the 

cutting samples were taken at 10 m intervals. Within that 
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interval, the grain size might change several times and the 

actual texture could not be precisely ascribed. 

4.3 PRIMARY SEDIMENTARY STRUCTURES 

The following sedimentary structures have been observed in 

core materials used for this study (see Fig.4.0. 

43. 1 The Erosional Structures 

Scour Marks and Scoured Surfaces 

These minor features occur particularly within subunit 2 of 

well D. The size varies from 0.5 to :3 cm. 

4.3.2 Depositional Structures 

Bedding and Lamination 

Bedding is well-defined within subunit 2 of wells C and D. 

It is marked by white and dark grey beds which are composed 

of coarse grained well-cemented bioclast-rich and fine to 

medium sand-grained, non-cemented clay-rich sediments. In 

the upper part of subunit 3, siltstone occurs as a thickly 

bedded unit. 

Parallel lamination is the commenest structure in subunit 3 

with minor occurences in subunits 1 and 2. 

Current Ripple 

Ripples are not common within the core samples. 
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(C) Cross-Stratification 

Two medium scale cross-laminations, both from subunit 2 of 

well C's cores are observed. The set height is <6cm. 

Graded Beds 

The small scale normal graded features (graded sands and 

graded shell lags) can be seen in every subunit but are 

most striking in subunit 2 of Well D. Some multiple graded 

units occur within one deDositional bed. Several small 

scale reversed-graded features are also found here. 

Massive Beds 

A thick massive , structureless siltstone bed (about 30m 

thick) occurs in the upper part of subunit 3. Several other 

sandstone beds (thickness varies from 1 cm to 1 m) occur 

within subunits 2 and 3 of wells C and D. They are mostly 

non-cemented . clay-rich sandstones. 

Other Structures 

Fluid injection, load cast and water escape structures were 

observed within subunits I and 2 cores of wells C and t 

The size of these structures is relatively small (<2cm 

height) and often destroyed by bioturbation. 

4:4 GENERAL PETROGRAPHY 
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The lithofacies indicate a gradation between two 

petrographic end-members; the porous.. clay-rich sandstones 

(and siltstone). and bioclast-rich, well-cemented 

sandstone/limestone. Generally, 	clast 	types. 	matrix, 

cements and porosity are unevently distributed to such an 

extent that different ends of the same thin-section could 

he described in totally different terms. 

4.4.1 Clay-rich, porous sandstones (fig 4.2) 

The sands . are very fine to medium-grained. texturally 

immature, with an abundance of silt-size quartz grains, and 

contain up to 20 6 clay minerals. The framework is still 

grain-supported (by sand grains and minor fossils) . with 

common features of non-sutured solution seams as a resuly 

of pressure dissolution. The porosity remains high (UP to 

18 i compared to the bioclast-rich sandstones. 

4.4.2 Bioclast-rich, Well-cemented Sandstones/Limestones 

This end-member is grain-(or clast-) supported, fine to 

coarse sand-sized bioclast-rich sandstone (which is in 

places grade into limestones) . Clay minerals are absent 

within these sediments. A variety of bioclasts( benethontic 

and planktonic foraminifera, algae, bryozoa, echinoderms, 

molluscs and brachiopods) . Some larger foraminifera and 

rare corals occur especially in subunit 2. This end-member 

has undergone complex diagenesis and ends up with the 

formation of carbonate-cemented nodules. 

35 



-4 

FIG.4.3: VERTICAL DISTRIBUTION OF METAMORPHI 
AND IGNEOUS ORIGIN QUARTZ AND 
FELDSPARS.-WELL C 

Violet/Brown Quartz Ratio 	 % Feldspar 

36 



FIG 4.4 VERTICAL DISTRIBUTION OF METAMORPHIC 
AND IGNEOUS-ORIGIN QUARTZ AND 
FELDSPARS - WELL U 
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4.4.3 Lateral and Vertical Changes of the Sediments 

The overall composition of the sediments is roughly 

similar, though the percentage of individual components may 

differ. The sediments are composed of sand grains (quartz, 

alkali 	and K-feldspars. chert) . rock 	fragments 	and 

al locherns. 

(a) Terrigeneous Grains 

Terrigeneous components are dominated by subangular to 

rounded, moderate to well sorting quartz grains (ranging 

from 10-709g of the total rock composition) with 

subordinate plagioclasts and alkali feldspars. Minor 

amounts of rock fragments are common 	mostly shale, 

mudstone, siitstone, sandstone. chert and rarely carbonate. 

Cathodoluminescence (CL) observation on terrigeneous quartz 

and feldspars (Figs.4.3 and 4.4) indicates that the 

violet/brown ratio detrital quartz decreases from subunit 1 

to subunit 2 before increasing again in subunit 3. The 

difference suggests a change from igneous to metamorphic 

provenence of the terrigeneous supply to the study area. 

The igneous-origin quartz may be derived from plutonic 

rocks around Mount Kinabalu, while the metamorphic-origin 

quartz may be derived from the metamorphic terranes along 

the border with the Mount Kinabalu. 
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The feldspars distribution follows a similar trend as the 

violet/brown ratio distribution (see Figs 4.3 and 4.0. The 

increase of feldspars percentage in subunit :3 may suggest a 

provenance close to the depositional area. 

(b) 3iociastic Components (Al lochems) 

Bioclast.ic components are extremely varied. There are 

benthonic 	and 	planktonic 	foraminifera. 	Dryozoa, 

echinorclerms.algae, molluscs. brachiopods, and rare corals 

at the bottom part of subunit 2. The quantitative analysis 

of biociast distribution within the core interval of wells 

C and D (Figs 4.5. and 4.6) 	indicate that the benthonic 

foraminiferas. echanoderrns, bryozoa and algae show a 

similar trend of distribution. Their quantity increases 

(with some fluctuations) from subunit 1 to subunit 2 before 

decreasing in subunit 3. The quantity of benthonic 

foraminifera appears to decrease with the increasing number 

of planktonic foraminifera. Larger foraminifera have only 

been found within subunit 2 with rare coral debris 

distributed at the bottom of subunit 2. The fluctuation in 

biociast distribution within subunit 2 may suggest a 

gradational change in lithology from clay—rich to 
biociast—rich sediments. 

(c) Matrices 

The matrix is composed of a mixture of terrigeneous clays 

(smectite, allite and chlorite) and carbonate detritus 
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(micrite. ctoiomicrite). The matrix composition is 

consistent over the whole study interval. 

4.5 VERTICAL CHANGES IN LITHOLOGY 

The Lower Sandstone unit, subunit 1 and subunit 2 are 

basically composed of calcareous sandstones. The only major 

differences were that the sediments within the Lower 

Sandstone have been completely dolomitised. The grains size 

ranges from very fine to medium in subunit I and Lower 

Sandstone unit, but up to coarse sand-sized in subunit 2. 

Subunit 1 is dominated by very fine to medium sand grains, 

moderately to poorly sorted with a variable amounts of clay 

matrix. This 	subunit 	is 	characterised by 	extensive 

bioturbation. preserving no proper bedding within the 

subunit. 

Subunit 2 is characterised by fine to coarse sands, well 

sorted, well-cemented calcareous sandstone/limestones 

Nodules and breccias are the common features of this 

subunit. (1) Subdivision 2A : has a sharp top and base 

with common nodules and breccias, grains coarsen upwards 

(Well D) with an abundance of lithic clasts. 

(il) Subdivision 2B 	has similar features as 2A except 

showing coarsening upwards (well Q. 

(111)Subdivision 2C 	mainly structureless with an 
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abundance of intraclasts. 

Subunit 3 15 dominated by siltstone and silty sandstones 

and mostly poorly sorted. The bottom Dart is dominated by 

parallel lamination. The upper division consists of 

structureless slltstone. The variations in lithology within 

four wells are shown in Fig.4.1. 
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CHAPTER 5 

BIOTURBATION AND POST-DEPOSITIONAL MODIFICATION 

5.1 INTRODUCTION 

The study interval contains nurnereous discrete nodules, 

elongated strata-bound bodies, breccias and alternations of 

white well-cemented and dark grey non-cemented horizons. 

These features appear to have resulted from intense 

bioturbation and preferential cementation of bioclast-rich 

sediments by comparison with clay-rich sediments This 

chapter focusses on the effects of intense bioturbation on 

preferential cementation and post-depositional structures, 

and their effects on reservoir properties of the mixed 

sediments. 

5.2 BIOGENIC STRUCTURES 

5.2.1 Biogenic Structures and Nature of Bioturbaton 

Subunits 1 and 2 are the interval most affected by 

bioturbation. It would normally be expected that the fine 

sediments (subunit 3), presumably deposited by weak 

currents, are more favourable for bioturbation. The cyclic 

nature of bioturbation here suggests either variations in 

number of burrows or changes in the supply of suitable 

sediments. 
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Burrows are distinct in subunits 1 and 2, but most burrows 

have been homogenised in subunit 3. The ichnofauna is 

abundant- in one layer (about 1-10 cm thick), followed by a 

layer with much reduced bioturbation. These alternate 

layers form couplets of weakly and strongly bioturbated 

beds. These couplets possibly indicate alternations of slow 

rates of accumulation by low energy and rapid emplacement 

of sediments by high-energy currents. 

5.2.2 Ichnofacies 

Several types of ichnofauna (=ichnofacies) have been 

recognised with difficulty. Four types have been identified 

as Chondrites sp. Planolites sp, Thalassinoides sp and 

Diplocraterion sp. (Fig.5.1-) There may several other types 

that cannot be identified. 

None of the identified ichnogenus has a significant value 

for environmental interpretation. Thalassinoides are common 

in the Mesozoic and Tertiary. Chondrites is normally an 

indicator of fully marine conditions. The high intensity of 

Chondrites suggests a rather soft substrate (Moller and 

Kvincian.1988) . However, they could be found throughout the 

complete bathymetric range from shallow marine to abyssal. 

Planolites has been interpreted as being facies-independent 

(Crimes,1970) . Planolites was interpreted as produced by 
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deposit.- feeding activity of a worm-like animal (Hantzchel. 

1975) and occurs in wider 	range 	from 	turbidite to 

non-marine environments. The only information gathered from 

Diplocraterion is that they occur in rather firm substrate 

(Frey and Seilacher. 1980) 

5.2.3 Lateral and Vertical Variations of Ichnofacies 

Based on four identified ichnoenus. both vertical and 

horizontal burrows are predominant in subunit 1. At the 

bottom of subunit 1, the horizontal burrows (Planolites) 

are dominant with subsidiary vertical burrows of 

Chondrites. Within the interval where diagenetic nodules 

and 	breccias are common (subunit 2) , large horizontal 

Thalassinoides burrows are dominant, although Chonth- ites 

are more visible. Within subunit 3, horizontal burrows are 

more dominant. The vertical ichnofacies distribution is 

shown in Fig. 5.2. 

5.3 POST-DEPOSITIONAL STRUCTURES 

5.3.1 Slump Features and Deformed Beds 

Slump folding occurs on a small scale at the bottom of 

subunit. 1. near the basement of well C.They are highly 

slickensided. This feature may indicate various degree of 

local deformation of the sediments. Deformed beds are also 

present within this interval. 
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FIG. 	BIOGENIC AND POST-DEPOSITIONAL STRUCTURES 

a : Load structure b : Slump structure - Not in phoo 
c : Deformed,contorted bedding 

d : Nodules and breccias 

Cracks infiHed by dark clay materials 
Cracks infiHed by late calcite 

5 : Distinctive burrow probably ThallasiriOldQ5 
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5.3.2 Load Cast Structure 

These structures occur as small scale (<3 cm) features 

within subunits 1 and 2. They are easily confused with 

burrows. 

5f3.3 Diagenetic Nodules and Breccias (see section 

5.4.1) 

Alternations of well-cemented and non-cemented 

horizons (see section 5.4.2) 

5.3.5 Fissures and Vertical Fractures 

The vertical, irregular cracks (infilled by dark, clay-rich 

sediment.s) occur within the well-cemented horizons, nodules 

and breccias in subunit 2. The origin of this feature is 

uncertain, but it probably is associated with fracture-

solution pipes (Bryant,1988) as a result of pressure 

dissolution and compaction. 

Sets of fractures (infilled by late ferroan calcite) are 

not continuous in nature and are restricted within the 

cemented horizons. They vary in size from 0.5 - 5.0 cm, are 

vertically-oriented and some are still not fully cemented 

by ferroan calcite. These fractures probably result from 

tensional stress. 

The post--depositional features are shown in Figs 5.3 and 4-- 
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5.4 DIAGENETIC NODULES, ALTERNATING HORIZONS AND BRECCIAS: 

A SPECIAL EMPHASIS 

5.4.1 Characteristic Features of Diagenetic Nodules and 

Breccias. 

Nodules and breccias are well-developed within subunit 2 of 

wells C and D. Their occurence in subunit 1 appears to be 

more random. They have not been found in subunit 3. 

The shape of nodules varies from spherical, flat, elongate 

to highly irregular and they occur as isolated discrete 

nodules. strata-bound or irregular beds. Most of the 

nodules are nucleated within the animal burrows which were 

filled up with bioclast-rich sediments. The irregular 

nodular- beds are separated by thin dark grey, clay-rich 

layers which could be similar to 'discontinuous 

seams' (Wanless.1979) as a product of non-sutured 	seam 

solution. 

Microscopically, the nodules are composed of bioclast-rich, 

clay-poor sediments. The matrices consist of spar, mostly 

calcite and ferroan calcite, with minor clays. The fossil 

fragments within the nodules always display overgrowths of 

fibrous calcite. Towards the margin of the nodules. the 

spar size increases. The frequency of dissolution seams 
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'and grains 

5 4' C ''66--A Clay-associated lolomites 
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Preferred orientation due to 
compaction. 

ffnn-sutured dissolution 
seams. 

Spar size increases towards 
clay-rico sediments 

Early phase of eentation. 

Matrices (spar) and later 
phases of cementation 

FIG5.5 : A SCHEMATIC DIAGRAM SHOWING THE NATURE 

OF BIOCLAST-RICH AND CLAY-RICH HOREZONS 

54 



increases across the contact with outside sediments. The 

comparison between nodules and adjacent sediments is 

documented in Fig.5.5. 

Breccias have a similar composition to descrete nodules but 

have difference shapes, often with a sharp-edges. They are 

the product of fragmentation of nodules and well-cemented 

beds. 

5.4.2 Alternation of Well-cemented and Non--cemented 

Horizons (Stratified Cementation) 

The alternations occur between white. well-cemented 

bioclast-rich and dark grey, non-cemented clay--rich 

sediments. In some instances, the well-cemented beds appear 

to have developed from the linking of concretions where 

the processes appear to be controlled by horizontal 

burrows. The bed types vary from flat to very irregular. 

The bed thickness ratio between well--cemented and 

non-cemented horizons vary from 5.0 to 15.0. 

The tight horizons sometimes show lateral continuity caused 

by irregular fracture-solution developed perpendicular to 

the bedding. The containment of these fractures within the 

well-cemented horizon indicates different strengths between 

the well-cemented and non-cemented horizons at the time of 

fracture propagation. These fractures were probably formed 

as a result of extensional hydraulic fracture (Bryant,1988) 

55 



by release of overpressures developed within the 

non-cemented horizons as a result of early restriction of 

vertical pore-fluid movement by the well-cemented horizons. 

The stratified cementation is associated with compaction 

and pressure dissolution. 

Mechanical Compaction 

This effect is shown by broken fossils and their prefered 

orientation. The greater mechanical compaction is a result 

of an increase in susceptibility caused by the high 

concentration of terrigeneous clay in the sediment. 

Differential Pressure Dissolution 

Pressure dissolution here is shown by the occurence of non-

sutured dissolution seams and is more dominant within non-

cemented, clay-rich horizons. It is simply because the pore 

water in clay-rich horizons could be undersaturateci with 

carbonate as compared to bioclast-rich sediments as ions 

will always migrate towards potential nuclei for 

precipitation. This concentration gradient caused a 

diffusion 	self-retaining 	mechanism 	(Moller 	arid 

KvincTan.1988) for 	the 	precipitation 	of 	selective 

cementation. 

Well-cemented horizons are more resistence to pressure 

dissolution than the non-cemented horizons. The first 



cteneration of cement (fringing non-ferroan calcite) was 

enough to produce resistence to mechanical compaction but 

insufficient to inhabit the sequence growth of some 

dissolution seams at a later stage (Bathurst, 1988) 

5:4:3 Mechanism of Nodule and Breccia Formation 

Morphological evidence indicates that most of the nodules 

are the burrow-filled type, filled by bioclast-rich 

sediments. This suggests that the biological activity 

plays an important role in modifying the sediment 

permeability and changing the geochemical environments 

(Fursich,197:3) thus 	promoting 	or 	limiting 	early 

precipitation of calcite cements. Diagenetic studies (see 

Part. 2) suggest that the first few stages of carbonate 

cementation were fringing cements of non-ferroan calcite 

which occur within the interval where nodules are 

extensively developed. This indicates that the nodules were 

formed early before compaction. 

The subsequent phases of cementation indicates phases of 

ferroan calcite represent the vast majority of the nodules 

composition. This 	evidence suggests 	that the nodules 

formation took place during the compaction period, with the 

association with pressure dissolution which mostly affected 

non--cemented horizons. A pH lowering around the boundary 

between the oxidised and anoxic zones (Mailer-  and 

Kvirigan.1988) could cause dissolution of carbonate in the 

a- 
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clay--rich sediments. 

Pe the cmpaction went on, the pressure dissolution became 

active especially in non-cemented horizons, followed by the 

iniect.ion of non-sutured dissolution seams into the 

cemented beds as shown by vertical, irregular fractures 

filled by dark , clay-rich sediments. The cemented portion 

then behaved in a brittle manner and the fragmentation then 

started. As 	a 	result, 	the 	complete dispersion 	of 

well-cemented clasts (originated from nodules and cemented 

beds) would form a brecciated appearance (Fig. 5.6) 

Late in the burial history, sets of vertical cracks were 

feinted as a result of tensional or compressional stresses. 

These cracks were later infilled by late ferroan calcite 

cements. 

5.4.3 Diacrenetic  Nodules and Palaeogeography 

Sediments which were deposited in relatively shallow, high-

energy environments (subdivision 2C) tend to form 

continuous beds, while those deposited in deeper and 

quieter environments (subunit 1) with higher clay content 

have developed into isolated nodules during diagenesis. 

Cyclic fluctuations in carbonate/clay input probably caused 

nodules or continuous beds to form rhythmically at certain 

horizons. Irregularities in the sea floor and differences 
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between local hydrodynamic regimes possibly caused lateral 

variation (Fig.5.7). 

5.5 THE ROLE OF POST-DEPOSITIONAL EVENTS IN CONTROLLING 

SEDIMENT CHARACTERISTICS AND DIAGENESIS. 

The presence of clays which are often associated with 

hioturhation would catalyse the pressure and chemical 

dissolution by retaining acidic pore water. The 

undersaturated pore water in clay-rich sediments and 

c,versat.uyated water in bioclast---rich sediments would 

produce the alternating sediments. 

Mechanical compaction could also be responsible for 

reorganizing the sediments textures that had earlier been 

randomised by bioturhation. This process occurs before 

pressure dissolution. The pressure dissolution could act 

both vertically and horizontally. The vertical component 

produced horizontal dissolution seams which occur within 

the clay-rich horizons. Lateral pressure dissolution 

produced cleavage or fracture vertical dissolution seams as 

exist within the well-cemented horizons. 

61 



CHAPTER 6 

SEDIMENTARY FACIES AND DEPOSITIONAL ENVIRONMENTS 

6.1 INTRODUCTION 

The mixed siliciclastic-carbonate sequence is interpreted 

as being deposited in a clastic depositional setting with 

the occasional introduction of carbonate sediments during 

storm events. Although the overall sediments contain a 

considerable amounts of microfossils, the bioclastic 

skeletons seem to be concentrated as storm lags 

(bloc last-rich horizons) . Their sedimentary facies are 

described using textural and sedimentary structures, 

regardless of the post-depositional modification of the 

sediments, leading to an interpretation of the possible 

depositional environments. The localised depositional 

environments in different wells are later integrated to 

establish a depositional model for the study area. 

6.2 DESCRIPTION OF CORES 

sedimentary facies have been described based on 335m (1050 

ft) of cores, representing the full length of sul:'unitf3 

and 3 of wells C and D, subunit 1 of well C and limited 

cores of well B (Fig.6.1). 
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6.2.1 Subunit 1 

Subunit 1 is only represented by cores from well C. The 

subunit consists of medium grey, calcareous sandstone which 

sometimes grades into sandy limestone. The sediments are 

fairly featureless, and intense bioturbation has disrupted 

any original bedding. The trace burrows are cemented by 

carbonate, and appear as small nodules. The cementation 

appears to be widespread 	with transition boundaries. In 

some places, there are sharp, scoured-bases and graded 

bedding which possibly indicate deposition by turbidity 

currents. Chaotic and disrupted beds, which may represent 

slump folds occur near the base of the subunit. 

Subunit 1 displays a sharp contact with the underlying beds 

of the Kudat Formation. 

6.2.2 Subunit 2 

Subunit 2 is represented by continuous cores of wells C 

and D. The contacts with the under- and overlying sediments 

are sharp. The most distinct characteristics of this 

subunit are (1) high carbonate content, (2) better-bedding, 

with abundance of nodules and breccias, (3) coarser grains, 

(4) alternations of bioclast-rich and clay-rich sediments, 

and (5) the abundance of big Thalassinoides burrows. 

In well C, the bottom 40m (called subdivision 2A) is marked 

by alternations of light sandy limestone/high calcareous 
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sandstone (bioclast-rich) and subordinate dark cirey, clay-

rich sediment. The bed thickness ratio is between 5.0 and 

10 , usually with sharp tops and bases. Beds are usually 

bioturbated with larger burrows (Thalassinoides) which are 

absent in underlying sediments. Beds are irregular as a 

result of diagenetic brecciation, with irregular cracks 

filled by dark grey, clay-rich sediments. Fractures filled 

by calcite often concentrate within the bioclast-rich 

intervals. The sand grain size coarsens upward from fine 

to medium /coarse through this interval, with common small 

scale fining-upward sequences. 

The overlying subdivision 2B sediments have similar 

features as 2A but the sediments fine upward to fine or 

medium sand grade. Bedding, diagenetic brecciation and 

nodular appearance are well-developed. Cross laminations 

are found more frequently with a laminated appearance, 

before being overlain by the intraclast-rich sediments of 

subdivision 2C. 

In well D, the sedimentary features are almost similar 

except the grain size trend is not obvious. However. the 

intensity of nodularity and brecciation, small scale fining 

upward sequence and bioturbation features are clearer and 

more intensive. 

6.2.3 Subunit 3 
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This subunit is represented by cores of wells C and D. The 

lithology is more homogeneous olive grey muddy to sandy, 

slightly calcareous siltstone with some 	silty, 

calcareous sandstones. The bottom subunit (about 70 in 

thick) is dominated by parallel interlamination of the 

order of 1-2mm thick. Further upwards, the sediments become 

finer, less calcareous and interlamination features 

disappear to form homogeneous, structureless beds. The 

structureless feature might also be caused by complete 

homogenization by burrows. 

63 SEDIMENTARY FACIES AND PROCESSES 

Recognition of sedimentary facies was made on the basis 

that the sediments were deposited within a clastic setting. 

Since the sediments were highly bioturhated. the 

assemblages of physical (lithology, sedimentary structures) 

and biological (trace fossil) (Hamblin and Walker,1979) 

were used to described the fades. 

6.3.1 Sedimentary Facies in Lower Sandstone unit 

(a) Facies 1 	Fossilifereous Limestone 

The fades represents a single bed with a thickness of 

about. 25 cm. The fades consists of equal mixtures of 

larger forams, bryozoa and algae with subordinate 

berithonics (mainly rotalids), planktonics and echinoderms. 

The Miogypsinoides, Operculina and Lepidocyclina are the 

most distictive foraminifera species. Sand grains and rock 



fragments (mostly mudstone and shale) represent about 3-20% 

of the total rock composition. The matrix is composed of 

mainly sucrosic type of dolomite. 

Fossil assemblages indicate deposition in either a 

protected or shallow (to deeper) marine environments. The 

abundance of algae may suggest a depth less than the photic 

zone. 

(b) Facies 2 	Sandy, Fossilifereous Mudstone 

The fades consists of sand to cobble sized rock fracirnents 

which are floating in the mudstone matrix. Sand grains and 

foraminifera are often associated with the rock fragments. 

Most of the grains are randomly distributed in the mud 

matrix . In some samples,the beds have sharp bases.are 

dominated by fossil assemblages and the grain size 

decreases upwards. 

This fades is thought to be developed in a relatively deep 

marine setting. The existence of graded shells in the 

mudstone possibly indicate deposition by storms or 

turbidity currents. 

6.3.2 Sedimentary Fades in Arenite Division(subunit 

1&2) 

(a) Fades 3 : Interbedded Homogeneous and Laminated 

Sandstone. 
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This fades comprises a wide variety of bed types,shown by 

a fairly clear colour variation. The bed thickness varies 

from 3 to 20 cm and the facies unit is up to several meters 

thick. The beds can be structureless, parallel laminated 

or interlaminated dark and light sandstone. Low angle 

lamination and x-lamination are rare.but found at certain 

depths. Laminated and structureless beds are often mixed 

and intensively bioturbated, with ichnofauna frequency 

constant throughout one bed. Where the bioturbation was 

very intense, the beds have a nodular appearance. 

The beds were probably deposited from suspension with a 

variable amounts of current influence. The beds with 

Possible wave-produced structures have been strongly 

modified by biogenic activity. The low angle lamination 

probably suggests deposition in lower shoreface 

environments. 

(b) Facies 4 : Graded Sandstone 

The fades occur in rn-scale beds near the base of the core. 

The beds have sharp contacts, with slightly erosive bases, 

which can be modified by load casts and injection 

structures. Grading is quite clear , and sometimes brought 

out by increases in clay content which give a light to dark 

appearance. Their occurence on a small scale is very 

widespread within the study interval. The beds have a 

structureless unit at the base, often overlain by flat- 
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laminated sediments or capped by very small ripple 

structures. Beds sometimes consist of dark siltstone or 

sandstone intraclasts. The ichnofauna intensity gradually 

increases upwards till the bed top (which becomes 

completely bioturbated) . Several beds have been homogenised 

by burrowing activities. 

Beds characteristics of this fades suggest deposition by 

waning turbulent flows which can occur in a wide variety of 

marine environments from abyssal (turbidite) to shallow 

water (storm beds) . The only unusual feature is the lack of 

a mudstone or siltstone between beds. It is probably due to 

the source being extremely well-sorted. 

(C) Fades 5 : Reversed-Graded Sandstone 

This fades was observed in a well-sorted, medium grained 

sediments and recognised purely from colour variation. Beds 

are around 5-20 cm in thickness, sharp-topped varying from 

dark grey at the base to light grey at the top. Within the 

sequence burrow frequently decreases to the top 

The small cleaning-upwards" beds are probably the product 

of winnowing and in situ dumping of the sediments. which 

could have been caused by intermittent wave action in 

otherwise quiet conditions. 

(d) Fades 6 : A Cyclic Alternation of Bioclast-rich 

3r.d day-i-ic.h. sarsko'tte. 
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This fades extensively occurs within subunit 2 and is less 

cornilion in subunit 1. The alternations comprise rather sharp 

bases, coarser-grained bioclastic packstone/grainstone 

which grade into clay-rich sandstone. The bioclast-rich 

sandstone/ limestone often shows smooth white, 

well-cemented appearance. 	The dark grey, clay-rich 

sediments often display a slightly laminated appearance. No 

other primary sedimentary structures can be recognised as a 

result of extensive bioturbation, which increases upwards 

into clay-rich sediments. 

Horizons with sharp bases, coarser grained bioclasts and 

minimal bioturbation appear to indicate deposition by 

strong currents, possibly by storms. The slightly laminated 

appearance of clay-rich sediments with intense bioturbation 

at the top suggests either slower or more sporadic 

deposition, possibly by fairweather conditions. 

(e) Fades 7 	Diagenetic Nodules and Breccia 

This fades dominates the upper part of the arenit.e 

division. This facies differs from others as it was 

completely due to secondary modification of the primary 

sedimentary structures. 

The nodules shape vary from spherical to flat, elongated to 

highly irregular. They occur as isolated, discrete nodules 
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with transition between isolated, strata-bound nodules and 

continuous regular and irregular beds. The nodules contain 

carbonate-rich sediments and commonly associated with sand 

grains. They always display a sharp contact with dark grey, 

clay-rich sediments. 

The breccias have similar features as nodules except the 

shape is more irregular. The breccias and matrix vary, 

depending on completeness of brecciation and fragmentation. 

Darker matrix shows flow textures flowing around lighter 

blocks. Big Thalassinoides ichnofauna are always found in 

these sediments, appearing as well-cemented.. round to oval 

shaped patches. In the area where disruption is minimal, 

the original bed can still be distinguished. 	Fractures 

filled by dark grey, clay-rich sediments and late ferroan 

calcite cements are common phenomena in the nodules and 

breccias. 

These beds have probably originated from fades 3, 4 and 6. 

However, the better sorted bioclast-rich.. clay-poor 

sediments have undergone early diagenesis. During 

compaction, these sediments behave in a brittle mariner, 

while non-cemented clay-rich, bioclast-poor sediments were 

still capable of flowing. The presence of breccia implies a 

considerable degree of pre-compactional carbonate 

diagenesis. 
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(1) Fades 8 	A Chaotic Bedding Sandstone-minor fades 

This fades occurs in a minor scale near the bottom part of 

subunit 1 of well C. It showed a contorted and 

disorganised bedding with mixtures of sediments. This minor 

fades could indicate a slump fold near the slope. 

6.3.3 Sedimentary Fades in the Upper Siltstone(suhunit 3) 

Fades 9 : Massive Structureless Siltstone 

This fades consists of brown to olive brown siltstone 

which exhibits no primary structures. The beds are up to 

several meters thick. Bioturbation occurs on a minor scale. 

The massive structureless features could have resulted from 

extensive bioturbation which completely homogenised the 

whole sediments: or they could possibly be deposited very 

rapidly. As the grain size is small without preferred 

orientation or graded features, the extensive bioturbation 

mechanism could be the most likely origin of this facies. 

Fades 10: Parallel-laminated Siltstone 

This fades exhibits a mm-scale parallel-lamination and has 

occasional laminae of carbonate fragments. The laminations 

are clear between dark, muddy siltstone and light slightly 

cemented siltstone. 

Lamination could have resulted either from rapid deposition 

under waning energy condition, deposition primarily from 
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suspension, or from the substantial influence of wave surge 

on sedimentary structures (Kreisa,1981). Since subunit 3 

shows a slight fining-upwards towards the top of the cores, 

without evidence of vertical burrows (escape trace) 

features at the top of some burrows where escape was 

unsuccessful, it is concluded that waning energy conditions 

play an important role in the deposition of this facies. 

Therefore, deposition from suspension with minor reworking 

could possibly be the mechanism for the formation of this 

fades. 

(c)Facies 11 : Interlaminated Sandy Siltstone and 

Sl 	nas\oie. 

This facies consists of parallel-laminated, fine to very 

fine silty sandstone, with relatively high 	carbonate 

content, alternating with homogeneous or laminated 

'.iltstone. The bed thickness varies from 1-2 cm. The beds 

often appear crinkly, and are in places cut by irregular 

cracks. This 	facies is commonly sharp-topped and may 

exhibit small-scale coarsening upwards units. They are also 

occur in arenite division. This feature probably 

represents deposition by suspension with minor reworking, 

6.4 FACIES ASSOCIATION AND DEPOSITIONAL ENVIRONMENTS 

Several facies associations'(combination of several 
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fades) have been established which help to interpret the 

depositional environments of each stratigraphic interval. 

6.4.1 Fades Association 1 (Lower Sandstone) 

This association consists predominantly of sandy fossili-

fereous mudstone of fades 2 in association with thin beds 

of fossilifereous limestone unit of facies 1. The existence 

of Miocrypsina  and Lepidocyclina sp. may indicate 

deposition in shallow to relatively deep marine 

environments (possibly middle to outer shelf environments) 

6.4.2 Facies Association 2 (Subunit 1) 

Facies association 2 shows sharp boundaries with the over-

and underlying sediments. It is fairly featureless with 

possible slumps at the base (facies 8) and no bedding 

features have been preserved. Sharp, scoured bed-bases and 

small-scale fining-upwards sequences suggest turbidite 

deposition. 

The evidences indicate that the turbidity current was an 

important agent of deposition. But the intense bioturbatiori 

make the interpretation speculative. However,similar 

features has been reported from a modern setting in 

Ventuna-Oxnard, 	California 	(Howard and Reineck. 1979). 

Deposition was probably taking place in an offshore area-

below 

rea

below normal wave influence. The existence of slump folds 

suggests the unstable substrate, and pauses in 

75 



sedimentation may have permitted the complete 

homogenization of beds by bioturbation. 

6.4.3 Fades Association 3 (Subunit 2 - subdivision 2A) 

Fades association 3 is made up of graded,. structureless 

and laminated sandstones of fades 3, 4 and 5. No clear 

nodules and breccias have been associated in this fades 

association. The 	interval was extensively burrowed by 

horizontal burrows of Planolites and subsidiary Chondrites, 

The features within this fades association suggest 

deposition from turbulent storm currents, offshore, 

probably in inner shelf environment. 

6.4.4 Facies Association 4 (Subunit 2 - subdivision 

2B/2C) This facies association comprises structureless, 

laminated and dominantly reverse-graded sandstones, with 

transitional contacts with facies association 3. This 

association is dominated by facies 5 between facies 3 above 

arid below the interval. A small development of facies 4 and 

siltstone facies concentrate at the very top, forming a 

small scale coarsening-upwards sequence. Nodules and 

breccia are also common, dominated by vertical and large 

Thalassinoides burrows (fades 6 and 7). 

The association was probably deposited in a shoal 

environment, formed and winnowed by storm waves and 
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prograding over the association 3. A possible environment 

is the back slope of a shoal (possibly spillover lobes) 

6.4.5 Fades Association 5 (subunit 3) 

Fades association 5 comprises facies 10 and 11 which are 

dominant in the lower part of subunit, and grades into 

fades 8 further up. The composite unit is tens of meters 

thick. 

The siltstone unit can be interpreted in several ways. They 

could represent deposition in (1) a quiet water environment 

shoreward from the shoal, (2) an offshore area following 

the transgression of the shoal, or (3) a combination of the 

above. i.e. lower part represents a back shoal and the 

upper part represents offshore. The fine-grain size and the 

lack of current-produced structures could represent 

deposition from suspension in a relatively quite 

environment as the result of intermittent winnowing of the 

bottom sediments to concentrate the larger size fraction, 

Additionally, based on in house palynofacies analysis, the 

botanical assemblages was dominated by terrestrial woody 

and epidermal tissue of plant which had heavily suffered by 

biodegradation by fungi. These lines of evidence point to 

very nearshore environment, possibly within the restricted 

area. 

The summary of sedimentary facies is illustrated in 
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Fig.6.2. The depositional processes and environments for 

wells C and 0 are summarised in Figs.6.3,aud 6.4. 

6.5 SEDIMENTARY DEPOSITIONAL MODEL 

Based on the cores representing wells B,C and D, the local 

depositional environments of each well were integrated in 

order to establish the depositional model for the study 

area. 

Overall depositional environments indicate that the mixed 

siliciclastic-carbonate sequences were deposited in an area 

from a shallow marine, storm-dominated shelf to a 

restricted riearshore environments. Generally, subunit 1 is 

re-presented by offshore deposits, while subunits 2 and 3 

are represented by a shoal complex and restricted 

near-shore environments, respectively. Subunit 1 represents 

deposition by turbidity currents below storm wave base and 

possibly filled the topographic lows. This possibly 

resulted in a shallowing of the water depth into zone of 

high carbonate productivity. 	Sporadic storms may have 

produced a carbonate-rich storm shoal (subunit 2), followed 

by deposition of thick siltstone deposits in a restricted 

nearshore environment. The shoal has an E-W trend and the 

nearshore facies are restricted to the north of the 

shoal complex. The model is shown in Fig.6.5. 
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6.6 CONCLUSION 

1. Eleven sedimentary facies have been recognised within 

the mixed sediments sequence; 2 in Lower Sandstone unit..6 

in arenite division (subunit 1 and 2) and 3 in the 

siltstone division (subunit 3). They are:(i)fOS5il1fere015 

limestone. 	 (ii)sandy 	 fossilifereOUs 

mudstone, (iii) interbedded 	homogeneous 	
and 	laminated 

sandstone.. (iv) graded sandstone, (v) reverse -graded 

sandstone, (vi) a cyclic alternation of bioclast-rich and 

clay-rich sandstone, (vii) diagenetic nodules and breccia, 

(viii) a 	chaotic 	bedding 	
sandstone, 	(ix) 	massive 

structureless siltstofle,(X) parallel-laminated siltstone 

and (xi) interlaminated sandy siltstone and silty 

sandstone. 

Five facies associations, named as 1 to 5 were identified. 

The facies were deposited in nearshore to relatively 

deep marine, shelf environments by various agents of 

deposition. Storm and turbidity currents and deposition 

from suspension seem to be the most important agents of 

sediment accumulation. 

The 	mixed 	siliciclaStic_caonate 
	sequences 	were 

deposited as a shalloWing upwards and progradinci 

storm-dominated shoal complex, in shelf to restricted 

nearshore environments; subunit 1 seems to represent the 

offshore part of deposition, while subunit 2 and 3 
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represent the main shoal complex and the restricted 

nearehore environments, respectively. 
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CHAPTER 7 

PALAEOFACIES DEVELOPMENT AND SEDIMENTATION HISTORY 

7.1 INTRODUCTION 

In the earlier chapters, the structural closure and well 

positions , 	lithostratigraphic subdivision, sedimentary 

depositional 	environment 	and 	post-depositional 

modifications of mixed siliciclastic-carbonate sequence 

have been heavily emphasized. Here in this chapter, the 

above information, with the help of limited 

biostratigraphic data, will be integrated in establishing 

the palaeofacies development and sedimentation history of 

the whole mixed sediment sequence. 

7.2 A STRUCTURAL CLOSURE 

As described earlier in chapter 3, the structure is a high-

amplitude roll -over anticline, cut by a series of small 

faults trending sub-parallel to the major boundary fault, 

lying just off the crest of the structure. The structure 

was initiated during the Middle Miocene, at the latest 

(Tai, 1983) and has been active during several phases of 

deformation.The structure was separated from a deeper area 

in the SW by an E-W palaeoridge which probably formed 

during Early Middle Miocene times. The palaeotopographic 

lows and highs were responsible for the deposition of the 
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mixed sediments which significantly influenced fades 

development and diagenesis. 

Well A and B were drilled within a relatively highly 

faulted zone near the crest of the structure, whilst well D 

was located WNW within the unfaulted area on the flank of 

the structure. Well C is situated further north from Well 

A. The study undertaken indicates that the difference in 

well position within the structural setting had a 

significant influence on facies type development and 

diagenesis. 

73 GEOPHYSICAL MODEL AND LITHOSTRATIGRAPHIC SUBDIVISIONS 

Seismic interpretation (chapter 3) indicates that the top 

of the mixed siliciclastic-carbonate interval is difficult 

to define due to the lateral variation in litboloçry and the 

lack of a correlatable seismic reflector. However, the top 

of subunit 2 is easily identified as corresponding to 

horizon 3 event (Fig.7.1). The base of the subunit 1 lies 

unconformably on either Lower Sandstone or the Kudat 

Formation as represented by Horizon 2. 

By integrating seismic horizons, well-to-well correlation 

and actual well samples, the mixed siliciclastic-carbonate 

sequence has been divided into three subdivisions which 

unconforrriably overly the Lower Sandstone or Kudat 



Formation. 

The Kudat. Formation consists of thick, overpressured pebbly 

mudstone in which the pebbles are dispersed within the 

mudstone matrix. The top interval is marked by a distinct 

break in log responses and is correlatable using seismic 

data. A few meters of the core of Well C indicate that the 

sediments are highly slickensided, with some slump 

features, suggesting an extensive faulted zone. 

Additionally, the presence of an unconformity was evident 

from the dipmeter log. Morever, it is presumably 

interpretated that the basement is unconformably overlained 

by the mixed sediments at fault scarp surfaces. 

The Lower Sandstone represents interbedded mudstone, 

siltstone, thin sandstone and minor limestone. They are 

mostly partially or completely dolomitised. The top 

interval was picked at a downhole decrease in GR, sonic 

transit time and CNL porosity and together with an 

increases in resistivity and changes in dipmeter response. 

This unit has only occured in Well A and B, and not in 

other studied wells. 	This indicates the trend of thinning 

out westwards from Well A. 

The rest of the mixed sediments (Subunit 1 to 3) 

unconformably overlays either one of the above sediments, 
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The older. subunit 1 comprises medium calcareous sandstone 

with extremely intense bioturbation. The subunit boundaries 

are sharp, as shown by a constant OR and spiky sonic 

transit time. The subunit 1 has only occured in wells C and 

D, and is missing in the other wells. This indicates that 

this subunit thickens out to the west from well A. 

Subunit 2 consists of calcareous sandstone to sandy 

limestone. This subunit is characterised 	by alternate 

laminations, nodules and diagenetic breccias. The top and 

bottom of this subunit are well marked by OR and sonic 

transit time. 

The subunit 2 is overlain 	by thick, muddy to sandy 

siltstone of subunit 3 before being blanketed by younger 

sediments. Westwards, the mixed sediments grade into deeper 

marine mudstone deposits. 

The relationship between lithostratigraphic subdivisions 

and the identified seismic horizons is summarised in 

Fig.7.1. 

7.4 SEDIMENTARY DEPOSITIONAL MODEL 

The mixed siliciclastic-carbonate sequence was interpreted 

as being deposited in a marine area from a storm-dominated 

shelf to restricted nearshore environments. The model has 



been established based on different fades distributions 

and depositional environments within the mixed sediment 

sequence. The fades and local depositional environments 

seem to be partially influenced by local differences in 

seabed topography during the deposition. 

Although the sediments were very highly bioturbated, 

subunit 1 represents deposition by turbidity currents in 

an offshore area, which infilled a comparatively low 

topography. The deposition in topographic low areas would 

cause shallowing of the water depth, raising the seabed 

above storm wave base into a zone of high carbonate 

productivity. As the periodic storms struck the area, they 

accumulated 	the coarse grained bioclast skeletons and 

deposited them as winnowed shell lag which are prominant in 

this subunit 2. 

As the storm intensity decreased, the remaining clastic 

sediments were deposited and later followed by relatively 

finer sediments. This lead to the development of bioclast-

rich storm shoal of subunit 2 which prograded outwards as a 

continuous body. This intermittent phenomenon of strong and 

weak currents probably suggests the alternation of 

bioclast-rich and clay-rich sediments occurence. The 

sediments later underwent early diagenesis to form carbonate- 

cemented nodules and breccias. 
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The whole area was later blanketed by a thick siltstone 

sequence of subunit 3, deposited in a restricted nearshore 

environments, which lay to the north of the shoal complex. 

The sequence is generally transgressive. However, the mixed 

sediment sequence shallows upward and is probably the 

result of a short regressive phase within the overall 

transgressive regime. Rapid deposition may have produced 

the relative shallowing of the seabed. 

75 BIOSTRATIGRAPHY OF MIXED SEDIMENTS SEQUENCE 

Since reworked species are common, the ages and 

correlations of the lithostratigraphic units are therefore 

tentative. However, based on planktonic and larger foram 

species, the sequence is not older than Late Middle Miocene 

(Foo and MacDonald,1983). Nannoplankton data indicate that 

the unit is younger than Early Upper Miocene, while 

palynomorphs do not give much help for age determination. 

Therefore, the sequence was considered to be of Late Middle 

to Early Upper Miocene. 

As the Lower Sandstone in Wells A and B seems to have a 

similar log character, it was originally thought to be a 

part of subunit 1. However, there is a distinct break in 

log responses near the boundary, inferring a lack of 



depositional continuity. Additionally, dipmeter results 

indicate that the interval is bounded by an uncc'nforrnity,  

Finally, the occurence of foram, Sphenolithus 

heteromorphus, and older species, suggest that this 

interval is older than subunit 1. It was interpretred as 

Early Middle Miocene (Foo,1983). 

The actual age of each subunit within the mixed sediments 

sequence is difficult to determine as no marker species or 

suitable assemblages have been found. 

7.6 PALAEOFACIES DEVELOPMENT AND SEDIMENTATION HISTORY 

Palaeofacies development and sedimentation history of the 

mixed siliciclastic-carbonate sequence have been derived 

from an integration of the seismic data, lithostratigraphic 

subdivisions, inferred ages and published regional 

information in adjacent areas. The model has been developed 

based on the occurence of two palaeoridges on or in between 

where the four wells were drilled. 

A widespread deep marine sedimentation in northern Sabah 

marked the end of the Lower Miocene deformation (Bol and 

Van Hoorn,1980). These sediments spread over the onshore 

and extended into offshore areas. Onland, these sediments 

have been interpreted as northerly prograding submarine fan 

deposits. However, in Well C, this formation has been 
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interpreted as mass flows and slump deposits Abundance of 

slickenside near the top of the sediments suggests the 

occurence of fault scarps which might cause irregular 

surfaces. 

7.6.1 Lower Sandstone 

A major change in sedimentation took place in the beginning 

of the Middle Miocene. The above marine sediments were 

uncoriformably overlain 	by shallower deposits. In Shell's 

contract area further southwest, the equivalent sediments 

are represented by coastal plain deposits which grade south 

into alluvial sediments (Bol and Van Hoorn,1980). Depending 

on the locality, the sediments may vary from coastal, 

shallow marine to deep marine turbidite fades. 

While the deposition of the sediments 	continued , the 

structure was slightly uplifted probably due to basement 

faulting, and differential erosion later produced uneven 

topographic surfaces. These have been regarded as E-W and 

N-S trending palaeoridges/palaeohighs (see chapter 3) . As 

these sediments occur only in wells A and B, it suggests 

that the area where the wells C and D are located remained 

at topographic high during the deposition of the sediments, 

7.6.2 Mixed Siliciclastic-carbonate Sequence 

(Late Middle-Early Upper Miocene) 

During this time, the mixed siliciclastic-carbonate 
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sequence unconformably overlay the Lower Sandstone 

deposits. This sequence was deposited between a shallow, 

open marine, storm-dominated shelf and restricted nearshore 

environments. During the deposition of Subunit 1, the 

eastern part of the structure was a part of an erosional 

high as indicated by the absence of this subunit in the 

east (where wells A and B are located). Westwards, 

shallow open marine shelf conditiond prevailed where the 

mixing of bioclast and terrigeneous clastic sediments could 

occur during storms. Shoal facies developed over the E-W 

palaeoridge whilst the localised topographic lows on the 

shelf were infilled by probably mass flows and turbidite 

deposits. Further away from the shelf area, deeper marine, 

middle to outer sublittoral mudstones were deposited. 

A short trangression might have occured towards the ends of 

the deposition of subunit 1.Subsequent subsidence of the 

high area around well A gave rise to a N-S trending ridge 

or shoal which separated the restricted nearshore 

environments to the east from the shallow open marine shelf 

to the west. A subsequent marine regression initiated the 

deposition of subunit 2 in the open shelf area and subunit 

13 in the restricted nearshore environments east of the 

palaeoridge. Progradation of these fades seaward produced 

the observed vertical sequence seen in the wells. 

A schematic diagram showing the palaeofacies development 
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PHASE 5: Early Upper Miocene Storm deposits prograded 
on the shoal as continuous body (subunit 2) which had undergone 
early cementation (nodules) and brecciation, followed by 
restricted nearshore deposits(subunit 3) Loading and subsidence 
occured in topo lows(near well 0) and east of topohigh. Marine 
trangression marked the end of progradinci unit. 
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FIG 7.2 : PALAEOFACIES DEVELOPMENT AND SEDIMENTATION 
HISTORY OF MIXED SILlClCLASTIC-CARBOATE 
SEQUENCES (Based on seismic, litho- & 
biostratigraphy and depositional model) 



and Bedimentation history of mixed siliciclastic-carbonate 

sequence is shown in Fig.7.2. 
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PART 2: 

SEDIMENT DIAGENESIS 

AND CEMENT STRATIGRAPHY 



CHAPTER 8 

SEDIMENTS DIAGENESIS AND CARBONATE CEMENT STRATIGRAPHY: 

DEFINITIONS AND TERMINOLOGY 

8.1 INTRODUCTION 

The diagenesis study was conducted based on cement crystal 

morphology, cathodoluminescence zonings, elemental analysis 

and supported by limited stable carbon and oxygen isotope 

analyses. These combined studies enable us to identify the 

extent of cement stratigraphy, the nature of pore fluids 

from which the cements precipitated and finally the pore 

occlusion trend which took place during the burial of the 

sediments. 

E$2 DIAGENESIS AND DIAGENETIC SEQUENCE 

The term tdiagenesis' refers to the natural changes which 

occur in sediments and sedimentary rocks between the time 

of initial deposition and the time when the changes are 

caused by elevated temperatures and pressures (so called 

metamorphism): early 	post—depositional changes are not 

included ( Scoffin,1987). The diagenetic end products are 

mainly controlled by the original composition of the 

sediments and the interstitial fluid system, as well as the 

physico—chemical processes and diagenetic environments. 

These signatures are imprinted on each phase of cement 
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generation by different crystal fabrics, chemical and 

isotopic composition values. 

A 'diagenetic sequence' refers to the diagenetic history 

within the sediment interval which has been recorded as a 

series of events with time relative to each other. 

Documenting the diagenetic history began with petrographic 

descriptions of cement fabrics and mineralogy, followed by 

a chemical 	and 	isotope 	analysis 	of the phases of 

cementation. Related events such as dissolution, 

non-carbonate mineralization and hydrocarbon migration can 

be associated with supporting evidence. Therefore, changes 

in lateral and vertical facies transition representing 

different sedimentary fades 	and diagenetic style and 

their distribution would be expected within the sedimentary 

basin. 

Some of the early reviews and works on specific areas of 

diagenesis 	include 	cementation 	(Bricker,1971). 

recrystallization (Folk,1965), porosity (Choquette and 

Pray,1970), dolomitization (Zenger et al.,1970), pressure 

dissolution (Logan and Semeniuk,1976) and deep-burial 

diagenesis (Prezbindwoski..1985) 

8,3 CEMENT CRYSTAL MORPHOLOGY 

The differences in cement crystal morphology are thought to 
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he partially controlled by physico-chemical conditions 

during precipitation as well as pore water chemistry from 

which the cements precipitated. Since the carbonate 

minerals are very susceptible to slight changes in fluid 

salinity (Schreiber, 1978), the crystal morphologies are 

therefore influenced mainly by diagenetic environments. 

Harwood (1988) has grouped the cements into two; 

conformable (grain overgrowth) and disconformable crystal 

cements. 

8.3.1 Grain Overgrowth Cement (conformable cements) 

The grain overgrowth cements commonly develop on quartz, 

feldspar and some skeletal carbonate fragments. 

(a) Silicate overgrowth 

Quartz and feldspar overgrowths can easily be recognised if 

clay- or hematite-coatings are trapped between the grain 

and overgrowth cement. The number of clay-coatings usually 

indicates the stages of overgrowth. If the coatings are not 

present, it is much harder to distinguish the parent grains 

from the overgrowth cements. However, the coating evidence 

suggests that the overgrowth occured as a single overgrowth 

event. 

Reworked grains with overgrowth cements are recognised by 

the lack of interlocking overgrowth or the presence of 

quartz 	overgrowth 	cements 	on 	isolated 	grains 
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(Scholle,1979). The 	quartz 	overgrowth 	cerfierits 	are 

considered to be a common burial cements although their 

presence alone is not an indication of deep burial 

(Harwood,1988). 

The timing of quartz overgrowth is variable and difficult 

to understand. Since the quartz overgrowth here showed very 

little solution-compaction as grain-to-grain contact 

between sand grains is minimal, the possibility of silica 

derived from solution-compaction and dissolution of opaline 

silica (Harwood,1988) is slim. Therefore, the alteration of 

feldspars to clay minerals and 5102, and the reaction 

between 	clay 	minerals 	in 	immature 	sandstone 

(Bjorlykke..1983) could possibly be the major source of 

silica overgrowth. 

(b) Calcite Overgrowth 

On calcitic skeletal fragments, the calcite overgrowth are 

mostly inclusion-free with some minor solid inclusions of 

dolomite as a result of alteration of high-Mg calcite (HNC) 

to low-Mg calcite (LNC). The calcite overgrowth occured on 

every species of microfossils within the subunit 1 and 2 

only. They are mostly represented as spired or contouring 

overgrowths (Walkden and Berry,1984). Like the silica 

overgrowth, the calcite overgrowth also exhibits optical 

continuity with the parent grains, suggesting an early 

phase of cementation. 
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8.3.2 Disconformable Cements 

The disconformable crystal cements represent all cements, 

other than those described above. They range from very fine 

to coarse crystalline, and may be of meteoric, nearsurface 

or deep connate water origin. A fine 	rim' cement is 

developed where there are many nucleation sites 

(Harwood,1988) . Micrite and dolomicrite cements commonly 

have a peloidal texture of subspherical bodies. 

Radiaxial calcite shows undulose extinction, twin laminae 

and non-planar boundaries. It probably formed by an 

asymmetric growth within calcite crystals undergoing split 

growth (Scoff in, 1987) 

Other identified cement crystal morphologies are acicular, 

meniscus, peloidal, micrjtic, isopachous, bladed, equant, 

rhortibs and minor saddle dolomite. These cement morphologies 

together with their possible diagenetic environments of 

formation are illustrated in Fig.8.1. 

8.4 A CEMENT STRATIGRAPHY CONCEPT AND BASIS OF NOMENCLATURE 

'Cement stratigraphy' involves the application of 

stratigraphic principles at an intergranular level by 

correlating stages of cementation within a given basin of 

sedimentation 	(Miller,1998) . 	The cement. str•atigap1i 
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concept was pioneered by Meyers (1974), it demonstrated the 

vertical and regional correlation of the carbonate cement 

zones revealed from cathodoluminescence in Sacramento 

Mountain, New Mexico. Grover and Read (1983) related the 

sequence to diagenetic changes in formation water 

composition during shallow and deep water burial. This 

concept has been further expended by other workers; i.e. 

Walkden and Berry (1984), Goldstein (1987) and Glues 

(1988) 

Gilles (1988) has suggested the terms of stage, sub-stage 

and zone for cement sequence in carbonate cement 

straticiraphy. These cement sequences can be related to 

other diagenetic events such as dissolution, compaction, 

st.ylolitlzation, 	neomorphism, 	mineralization 	and 

hydrocarbon migration, building a complete diagenetic 

st.raticrraphy. These terms will be used in this study. 

A stage is the 	primari unit 	of cement stratigraphy 

which 	consists 	of 	mineralogical 	homoge neity 	and 

distinctive geochemical features from adjacent cements. It 

corresponds to major textural differences and is 

correlatable over a large area. 

A sub-stage is a part 	of the stage which has been 

characterised by distinctive compositional characteristics. 

It is a conformable cement unit, locally correlatable but 
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often discontinuous on a basin—wide scales 

A zone is the smallest 	individual 	unit 	in 	cement 

stratigraphy, correlatable within a small area such as a 

cavity or crystal. It is conformable and essentially 

homogeneous. 

The stage boundaries in the cement sequence may indicate 

major changes in the pore fluid system or in the prevailing 

tectonic processes. However, changes in crystal habit may 

correspond to various physico—chemical conditions such as 

salinity, rate of pore fluid movements, nature of space 

available for crystal to grow as a result of burial or 

early cementation, or effects of dissolution and 

fracturing. 

35 GEOCHEMICAL AND ISOTOPIC HETEROGENEITIES IN CEMENTS 

Cements can be considered as a record of the fluctuating 

pore water history of the sediments. Each identified stage 

of cementation has a distinctive elemental and isotopic 

signature. The heterogeneities in geochemical and isotopic 

composition are evidence of changes in pore water 

chemistry and saturation states, even if all the 

precipitated phases are of a single mineralogy 

(Harwood,1988) . Analysis of the chemistry and isotopic 

compositions of various stages of cementation would, 
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therefore give a clear indication of variations in the 

nature of the pore fluids. 

Stages, sub-stages and zones are chemically homogeneous. 

Their boundaries can be recognised distinctively by 

staining, CL and BEI. However, some zones within the 

concentric zonings showed a gradation in staining,CL and 

BEI. Others may be compositionally different as a result of 

crystallographic sector zonings. 

The heterogeneity in crystal chemistry might be related to 

the stability in pore-fluid composition, precipitational 

environment (Meyers,.1974) and the crystal growth (Reeder 

and Prosky,1986). 
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CHAPTER 9 

EARLY DIAGENESIS AND STAGE A - B CALCITE CEMENTS 

9,1 INTRODUCTION 

The 	study 	interval 	consists 	of 	mixed 

siliciclastic-carbonate sediments. Although terrigeneous 

elastic materials are dominant, the carbonate cements 

precipitated within the interstitial pore system give an 

important clue in understanding the occlusion of porosity 

in the reservoir rocks. As the cements can be related to 

changes in pore fluid composition and circulation, the 

relative timing of cementation stages and subsequent events 

will be studied by a reconstruction of primary fabrics and 

subsequent evolution of the cement generations. The only 

limitation here is that there are no samples cored in Wells 

A and B which had undergone a complex diagenesis. The study 

relies purely on cutting samples. 

9.2 ORIGINAL SEDIMENTS AND POROSITY 

Within the Lower Sandstone unit (Fig..), the grains size 

vary from silt to coarse sand with relatively less 

bioclasts as compared to the overlying sediments. The 

grains show a floating texture, indicating that the 

sediments were uncompacted before cementation took place. 

It is presumed that the original intergranular porosity was 
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high (j,.30-60 % as in modern sediments). Petrographic 

observation indicates that most biocla5ts were dissolved 

early in the diagenetic history (plate 9.1). The sediments 

were later locally dolomitised but the porosity still 

remains high. 

Subunit 1 consists of fine to medium size sand grains with 

subordinate allochems. The percentage of fine particles and 

clay matrix are relatively high (about 5-10%) as 

bioturbation was so intense. Therefore, 	the 	original 

texture has been disturbed and the porosity was low. 

Subunit 2 has been interpreted as representing a shoal 

complex. The sand size varies from fine to coarse with a 

large number of skeletal fragments.The nature of the 

original sediments vary from fossil-rich to clay-rich, 

which are, in places, interbedded. The sediments are 

relatively clean and mixed by large Thalassinoides burrows. 

Nodules and breccias are characteristic of this interval. 

They show an early cementation before compaction. Original 

porosity was presumably high as the sediments are clean and 

the grain size is coarse. However, the early cementation 

and its subsequent diagenesis obliterated the whole i:'c're 

spaces except where the clay content is high. In Wells A 

and B, the sediments within this subunit have been 

partially dolomitised. 
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Subunit 3 is characterised by siltstone and argillaceous 

sandstone with minor fossil assemblages. As the grain size 

is fine and the clay content is high, the original porosity 

was presumably low at the time of deposition. Some 

bioclasts have been partially dissolved. Minor selective 

cementation occurs, mostly at later stage in the burial 

history. 

9.3 BIOTURBATION, LITHIFICATION AND EARLY DISSOLUTION 

Following the death of marine microfossils, bioturbation by 

annelid and crustaceans throughly mixed 	the sediments and 

redistributed the organic matter. Within the interval where 

nodules occur, bioturbation may have served to increase the 

amount of organic matter on the site of concretion 

formation (Bernes and Westrich,1985). Lithification of 

sediments took place shortly after this mixing and has 

continued during the burial period. Oxidation of the 

organic matter later at shallow burial depth produced the 

chemical environments suitable for carbonate precipitation 

(Berner. 1981). 

Both grain types, silica (sand grains and clays) and 

carbonate (rock fragments and bioclasts) were exposed to 

dissolution as is evidenced by the serrated, uneven grain 

surfaces. The silica dissolution is mainly controlled by 

108 



structure, and particle 	size 	and shape (Williams et 

al, 1985); 	although, 	water pH, temperature, 	mineral 

impurities and pore water diffusion rates influenced the 

solubility to a certain extent. In the mixed system, early 

silica dissolution might be caused by pH fluctuations as a 

result of algal metabolism (Friedman et al., 1976). In an 

other study, Miller(1966) has also described that a 

substantial amount of silica has been removed and dissolved 

during early diagenesis which therefore requires alkaline 

pore water conditions. 

Carbonate appears to enhance opal-CT formation possibly due 

to the activity of positively charged hydroxyl complexes 

(Williams and Crerar,1985), as silica precipitates from 

natural aqueous solutions at low temperatures (Williamset 

al.,1985). The transformation of opal-CT to quartz in 

sedimentary sequence occurs at temperature ranges from 

31-165 C (Murata and Larsen,1975; Mizutani,1977). 

The dissolution of skeletal grains here is dependent upon 

the fossil structure and mineralogy. Bryozoa, echinoderms 

and other bioclasts which originally had a Mg-calcite 

composition show evidence of partial dissolution in the 

form of irregular and embayed surfaces. 

Several mechanisms have been proposed to explain the 

subsurface dissolution of carbonates; meteoric water 
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penetration, mixing corrosion (Bogli,1964), acidic fluid 

derived from carbon dioxide (Schmidt and McDonald. 1979) or 

sphecifically carboxylic acid (Surdam et al.,1984) as the 

products of thermal maturation of organic matter: 	and 

acidic fluids from clay reactions (Biorlykke,1981);  and 

bacterial degradation of organic matter (Birnbaume and 

Wireman1984). Within the study interval, however, the 

early dissolution probably occured before any other cements 

were precipitated. 	The occurence of large amounts of 

pyrite within the clay matrix indicates a sulphate 

reduction environment. Therefore, the changes in pore watei 

chemistry brought in by degradation of organic matter could 

possibly be the cause for early carbonate dissolution. 

9.4 EARLY SILICIFICATION AND QUARTZ OVERGROWTH 

Although their distribution is not widespread, the effects 

of silicification can be seen by the occurence of quartz 

overgrowth. Silica 	occurs as syntaxial overgrowths on 

detrital quartz grains. The overgrowth is characterised by 

its size and euhedral morphology, lack of inclusions 

and 	distinctively different CL colour . 	The 

quartz overgrowth here formed relatively earlier in the 

diagenetic sequence in the absence of other cements. Since 

the stage A (calcite) cement commonly developes on top of 

the overgrowth silica, therefore, the quartz pre-date the 

stage A cement (Plate 9.1). 
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Plate 91 	A typical feldspar overgrowth (shown in blue) 
[CL view] 

Plate 	9.2. : Bioclastic void-fills containing stages A-B 
(non-ferroan calcite) and stage E-G (ferroan 
calcite) cements with several substages and 
zonings, 
[CL view] 
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9.5 EARLY FRACTURES 

Some fractures occured at the very early stage before any 

cementation had taken place. The evidence of early 

fracturing is given by fractures infilled by stage A 

calcite cement, the earliest cement identified. 

9.6 STAGE A - B EARLY CALCITE CEMENTS 

Stage A-B cements are commonly in direct contact with most 

marine skeletal grains and in places with non-skeletal 

grains . The crystal morphology may vary and sometimes 

shows a transition from one crystal to another. 

Syntaxial overgrowth and Bladed Texture 

i3yntaxial overgrowth is the most common texture of these 

cements. The overgrowth grew up from the substrate of 

rincrofc:7ssils, mostly planktonic, benthonic, bryozoa and 

echinoderm spines. In places, a bladed calcite texture 

developed from bioclasts with had minor inclusions. Bladed 

calcite crystals are length-fast with sweeping uridulose 

extinction. 

Irregular and Spar Mosaic 

The intercrystalline boundaries of these cements are very 

irregular due to substrate selectivity. Some interlocking 

texture of cements and early vein-filling texture 	also 

occur. 
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Radiaxial Texture 

Radiaxial texture consists of length-fast bladed crystals 

which grew radially and may consist 	of sub -crystals, 

Sweeping extinction under x-polars is common but becomes 

more uniform within individual subcrystals. The cleavages 

and inclusion trails are often parallel to the c-axis of 

the crystals. 

9.6.1 Stage A Cement 

Although the stage A-B cements are both stained light pink 

with a mixture of ARS and PF (see appendixt ) the stage A 

can he subdivided into two substages under 

cathodoluminescence (CL); Al and A2. 

Substage Al 	is characterised by dull luminescence. 

Chemically, substage Al cement has a similar level of Mg24-

to rriost benthonic and planktonic skeletal fragments. The 

low concentration of Fe2+ and Mn2-1- (Fe24- <0.02 wtS; 

Mn2-R0.06 wt96) gives a slightly dull colour under CL to 

this substage. The 5r4+ concentration is slightly high but 

lower when compared to other (later) substages. The source 

of Sr4+ is uncertain, but it was probably derived from the 

skeletal fragments as they also composed of similar 5r4+ 

level. 

Relatively high Na+ concentration in this cement could 

possibly be derived from the original fossil body or may be 
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TABLE 9.1 : CHARACTERISTIC FEATURES OF STAGE A-B NONFERROAN 
CALCITE CEMENTS. 

STAGE SUBSTAGE CHEMICAL COMPOSITION(wt%) 	 SAMPLE (n) - (OXIDE) 

Mci24- Na4- 5r4+ 5i2+ Ca2+ Fe2+ Mn2+ 

Al 0.58 0.02 0.15 0 54.14 0.02 0.06 	4 

A 	 CV: 0.03 0.04 0.01 0.01 1.04 0.01 0.01 

SD: 0.17 0.20 0.05 0.03 1.02 0.03 0.01 

A2 1.48 0.01 0.35 0.01 54.32 0.01 0.02 	3 

CV: 0.02 0.05 0.02 0.01 0.87 0.01 0.01 

SD: 0.14 0.22 0.14 0.01 0.97 0.01 0.01 

B 	Bl 0.65 0.01 0.58 0.01 54.92 0 0 	3 

CV: 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

SD: 0.08 0.09 0.10 0.08 0.09 0.01 0.01 

B2 0.49 0.01 0.59 0.02 54.89 0.07 0.11 	4 

CV: 0.01 0.02 0.01 0.03 0.01 0.01 0.01 

SD: 0.10 0.14 0.10 0.17 0.10 0.08 0.09 

CV = Coefficient of variation 

SD - Standard deviation © 95% confidence level. 

ISOTOPIC COMPOSITION 

Stage A+ Stage B : 613C = 0.10 %o PDB 
6180 = -2.01 %o PE)B 

DIAGENETIC ENVIRONMENTS : Substage Al : suboxic 
A2 : OXiC 
Bl : oxic 
B2 : suboxic 
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contributed from clay minerals or sea water. 

Substage A2 : is marked by moderately brightly orange 

luminescent. Chemically, it is similar to substage Al. 

9.6.2 Stage B Cement 

The stage B cements comprise two substages 	Bi and B2. 

Substage Bi : is characterised by black, non-luminescent 

crystals. Chemically, the stage Dl cement is composed of a 

relatively low Mg2+ concentration compared to stage A 

cement (Mg2+ K 0.07 wt ) and high Sr4+ concentration (Sr4+ 

= 0.58 wt96) . Unfortunately, the cements do not contain any 

iron or manganese (Fe2+ = Mn2+ = 0.00 wt). The absence of 

iron gave a light pink colour after staining, while the 

black non-luminescence results from the absence of both CL 

activator (Mn2+) and quencer 	(Fe2+) . Trace amount of Na4- 

and 812-4- are present in substage Bl. 

Substage B2 : This substage is marked by bright 

yellow-orange luminescence. In comparison to substage Bi, 

substage B2 is composed of similar levels of Ca2+, Mg24-, 

8r44- and 812+. However, the Fe2+ and Mn2+ concentrations 

are relatively higher (Fe2+ = 0.07 wt; Mn2+ - 0.04 wt). 

The high proportion of Mn/Fe may give the bright 

luminescent colour. 
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9,63 Distribution of Stage A-B cements 

The stage A-B cements are not very well developed in the 

sequence. They are easily confused with low ferroan calcite 

which often exhibits a similar crystal morphology. 

964 Isotopic Composition 

The very narrow thickness of each stage or substage made 

it difficult to obtain sufficient material for isotopic 

analysis. The fact that both, stage A and stage B cements 

are non-ferroan made identification of these separate 

stages impossible by staining alone. For this reason 

isotopic analysis had to be made on a mixture of stages A 

and B cements. 

The mean of carbon and oxygen isotope values are 613C = 

-0.1 96. and 6180 = -2.0 96 with reference to PDB standard, 

These values are very similar to the carbonate cements 

precipitated in the Tertiary carbonates described by 

Hennessy and Knauth (1985) 

9.6.5 Diagenetic Environments and Pore Fluids 

The low levels of iron and manganese concentration within 

the stage A-B cements may possibly be attributed to 

precipitation from oxidised fluids (Curtis,1978; 

Meyers,1978). Furthermore, the concentration of magnesium 
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in stage A is similar to that in forams which were 

originally composed of high magnesium calcite. 

Additionally, the carbon isotope value 	of 613C = 

and the oxygen isotope value of 6180 - -2.0 96e PDB strongly 

indicates that these cements were precipitated within the 

oxic environments from normal marine solutions (Folk1974), 
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CHAPTER 10 

STAGE C-D LOCALISED METHANE-DERIVED DOLOMITES 

10.1 INTRODUCTION 

Stage C-D cements are extensive within the Lower Sandstone 

unit of Well A. Their occurence is rather localised as no 

similar type of dolomites heve been found in Well B at a 

similar stratigraphic level. However, these cement stages 

have considerable significance in terms of palaeo-pore 

fluids. Their existence, therefore, gives information about 

the localised diagenetic environments and provides a 

relationship with the well locations and structural setting 

of the closure. 

10.2 TIMING OF STAGE C-D CEMENTS 

The stage C-D cements as described here are quite difficult 

to locate within the cement startigraphy. This is due to 

the fact that the study has relied purely on cutting 

samples as no samples were cored representing this 

interval. However, from the limited evidence gathered from 

cutting samples, some veins filled by stage E ferroan 

calcite have cut across this methane-derived dolomite 

interval. This evidence suggests that the stage C-D cerrierit.s 

are-dates the stage E ferroan calcite cement. 
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Plate 10.1/2:Two major stages of methane—derived dolomite: 
An early stage (stageC ) is marked by brownish 
orange with several substages. The later phase 
methane—derived 	dolomite 	(stage D ) 	is 
characterised by non—luminescence colour with 
internal zonings. A crimson red (CR) marked 
the end of the methane—derived dolomitizatiori. 
[CL view] 
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Plate 10.3 	The photomicrograph showing differences in 
colour intensities as a result of different 
percentages of Fe2+ composition within various 
substages in methane—derived dolomite. Darker 
colour shows relatively higher Fe2+ 
concentration than the lighter one. 
[Back Scattered Imaganery (BEI) view]. 

Plate 10.4 : The photo shows two different unit within the 
methane—derived dolomite.: pale grey and light 
white. Sand grains (QT) is shown by dark grey 

Porosity is marked by black in colour. 
[BEI view]. 
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The major textural difference recognised within this 

sequence is the change in crystal morphology from syntaxial 

and bladed (stage A-B) to rhombohedral dolomite. In the 

Lower Sandstone unit where stage A-B are absent, the stage 

C-D cement are the first recognisable cements. 

10.3 STAGE C AN EARLY PHASE OF METHANE-DERIVED DOLOMITE 

Two substages differentiated by CL have been recognised 

within stage C cements. 

10.3.1 Substage Cl : Brownish Red Dolomite 

This substage is characterised by dark brown to brownish 

red luminescence. Under the polarizing microscope.. the 

dolomite appears as aggregates of euhedral, rhombic 

crystals but in CL , each stage or substage exhibits a 

continuous horizon of cement. The substage Cl consists of 

several zones which are repetative in nature (plates 10.1 

and 10.2) . The zones are mostly <2.0 u thick. 

The substage Cl is volumetrically higher compared to other 

substages and is commonly associated with pyrite crystals 

or aggregates. This substage sometimes occurs as an 

isolated dolomite rhomb together with substage C2. 

Backscattered Electron Imaginary (BEI) 	indicates a grey 

colour., suggesting a very low iron content (plates 10.3 and 

10.4) 
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10-::3r2 Substage C2 	Yellow Dolomite 

Substage C2 is characterised by thin yellow luminescence 

which marked the end of stage C cements. 

10.4 STAGE D : LATER PHASE OF METHANE—DERIVED DOLOMITE 

Stage D cements consist of two distinctive substages that 

could be recognised by CL and by their chemical 

composition. 

10.4.1 Substage Dl : Black. Non—luminescence Dolomite 

Substage Dl is marked by black, non—luminescence of mainly 

rhombic dolomite crystals. This substage is quite 

distinctive as it is bounded by an older substage C2 

(yellow) and a younger substage D2 (crimson red) cement. In 

some samples, substage Dl consists of several alternating 

zones of black and brownish red zones. The end of this 

substage is marked by the crimson red of substage D2. 

10.4.2 Substage D2 : Crimson Red Dolomite 

Substage D2 marks the end phase of methane—derived dolomite 

cements. Like the other substages. substage D2 has a 

uniform thickness, continuous crimson red luminescence and 

often follows the shape of substage Dl cement. Under BEI, 

this substage is characterised by a bright image, 

suggesting a slightly higher iron content than that of 
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TABLE 10.1 : CHARACTERISTIC FEATURES OF STAGE C-D CEMENTS 

STAGE SUBSTAGE CHEMICAL COMPOSITION (WT 26) TOTAL SAMPLES 
(OXIDE) 

Mg2+ Na+ 3r4+ 512+ Ca'-?+ Fe-?+ Mn2+ 

Cl 	17.06 0.05 0.07 0.10 34.64 0.01 0.02 
SD: 0.96 0.03 0.03 0.14 0.57 	0.03 0.03 n 	9 
CV: 0.93 0.01 0.01 0.02 0.33 0.01 0.01 

C 
C2 	18.48 0.02 0.09 0.03 32.14 0.02 0.06 
SD: 0.42 	0.03 0.03 0.03 0.33 0.03 0.03 n - 9 
CV: 0.18 0.01 0.01 0.01 0.11 0.01 0.01 

Dl 	18.48 0.03 0.09 0.04 33.48 0.02 0.02 

	

SD: 0.98 0.03 0.03 0.14 0.03 0.03 0.03 	Yt = 9 
CV: 0.96 0.01 0.01 0.01 0.01 0.01 0.01 

D 

D2 	18.55 0.06 0.14 0.09 33.76 0.07 0.06 

	

SD: 2.16 0.03 0.03 0.14 1.84 0.52 0.03 	- 	9 
CV: 4.67 0.01 0.01 0.02 3.40 0.27 0.01 

SD = standard deviation @ 9596 confidence level 
CV - coefficient of variation 

ISOTOPIC COMPOSITION: 
Stage C + Stage D : 613C = -34.0 96. PDB 

6180 	+3.0 96. PDB 

DIAGENETIC ENVIRONMENTS: 
Substage Cl : 
Substage C2 :Sulphate Reduction Zone 
Substage Dl 
Substage D2 :JOXic environment 
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substages Cl, C2 and Dl. 

105 CHEMICAL COMPOSITION 

The detailed chemical composition of the methane—derived 

dolomites are given in Fig.10.1. 

The chemical data indicate that the dolomites are calcium 

rich (Ca 0.63, Mg 0.37)CO3. The overall major and trace 

element compositions are the same for substages Cl, C2 and 

Dl, except the Mn2+ is higher in substage C2 giving a 

bright yellow luminescent appearance. However, the 

concentrations of Sr4+, Fe2+ and Mn2+ are increased in 

substage 02. 

Franiboidal pyrite crystals are pervasively present within 

the substages Cl and C2, and normally none occur within 

substages Dl and D2. This could indicate that the depletion 

of Fe2+ concentration within substages Cl, CO. and Dl is 

related to maximum uptake of Fe2+ ions for pyritization. 

Within the substage D2 where pyrite is absents the Fe2+ 

concentration resumed a higher level. 

10.6 ISOTOPIC COMPOSITION 
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at.isfactory samples representing each stage or substage of 

cement for stable isotope analysis were not obtained as 

each stage is represented by a very thin layer. They are 

visible in CL only. However, mixtures of stages C and D 

cements were isotopically determined. 

The mean carbon and oxygen isotopic compositions are very 

distinctive. The cements are composed of 613C=-34.096. and 

6180 = +2.8 %o with reference to PDB standard. The light 

carbon values are comparable to the isotope value of 

methane. While the positive oxygen isotopic values suggest 

that the cements were precipitated at low temperatures. 

10.7 DOLOMITIZING FLUIDS AND SOURCE OF IONS 

The 613C values of the studied samples range from -32.0 to 

-37.0 96. (mean 613C = -34.096.) relative to PDB standard, 

The actual d13C of methane in this basin is unknown, but 

from the North Sea area1  the value is in the range of -398 

to -43.896. PDB (613C mean 	-40.8 96 	PDB) (Faber and 

Stahl,1984). These isotopic differences indicate that the 

cements are slightly heavier than the parent methane. The 

differences could possibly be explained by examining the 

processes of methane oxidation in the marine sediments. 

Methane 	oxidation 	occurs 	when 	oxyqen- 	or 

sulphate-bearing waters penetrate to shallow gas reservoirs 
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or when methane migrates upward into overlying diagenetic 

zones (cf.Hovland et al.,1987). The oxidation occurs either 

in an anoxic environment (where the methane is probably 

used as source of energy by sulphate reducing bacteria), or 

in oxic environments through the activities of aerobic 

methane-oxidizing bacteria (Rudd and Taylor,1980; Iversen 

and Jorgensen.1985). During the vertical movement, 	very 

little methane survives when passing through the sulphate 

reduction zone (Rudd and Taylor,1980: Claypool and 

Garitier, 1984) . Under normal conditions, methane diffuses 

slowly upwards, giving the sulphate-reducing bacteria 

enough time to consume the gas molecules. Therefore, if the 

rate of the methane supply exceeds the rate of oxidation 

through sulphate reduction, some methane must survive to 

enter the zone of aerobic bacterial activity, Therefore, 

both oxidation processes could potentially be responsible 

for this cementation. 

The sulphate-reducing bacteria uses methane as a source of 

energy for anoxic reactions which commonly take place below 

the sediment-water interface (cf.Hovland et al. ,1987) and 

become more active near the base of the sulphate reduction 

zone (Iversen and Jorgensen,1985; Whiticar and Faber,1986). 

Carbonate precipitated within the sedimentary sulphate 

reduction zone is often associated with pyrite, where the 

sediments are enriched with the organic matter 

(Hudson,1977) . It is due to the fact that the anoxic 
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conditions required by this process are very much 

favourable for the preservaion of organic matter 

(Bernes,1981) . The oxidation of organic matter through the 

sulphate reduction will also enhance carbonate 

precipitation (Hovland,1987) as the reactions that cause 

pyrite formation or generation of HaS  will raise the pore 

water pH (Curtis and Coleman,1986). In oxic conditions.the 

p1-I will fall, resulting in carbonate dissolution rather 

than precipitation (Hovland et al.,1987). 

Other features of the sulphate reduction zone are 

characterised by the formation of nodules and the fine 

crystal morphology. 

If the carbonate cements are precipitated directly from the 

methane oxidation, the isotopic composition of both cements 

and parent methane should be exactly similar. However, the 

data indicate that the isotopic values are slightly heavier 

than the likely composition of the parent methane. This 

indicates that the cements were precipitated through 

methane oxidation with probable mixing of some carbon 

dioxide from other sources. Furthermore, the existence of 

pyrite within substages Cl and C2 especially indicates that 

the cements were precipitated via sulphate reduction 

environments. While the absence of pyrite and organic-rich 

features within the substages Dl and D2 probably suggest 

that the cements were precipitated via oxic environments 
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through the activities of aerobic methane oxidizing 

bacteria. Additionally, the heavier 6180 values further 

indicate that the cements were precipitated from 

relatively cool methane fluids and possibly took place at 

rather very shallow burial depths. 
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CHAPTER 11 

STAGE E-F : SCALENOHEDRAL SLIGHTLY FERROAN CALCITE CEMENTS 

STAGE G-H INTERGRANULAR AND VEIN-FILLING FERROAN CALCITE 

11.1 INTRODUCTION 

Stage E-H cements described here post-date the stage A-B 

and stage C-D cements of methane-derived dolomite and non-

ferroan calcite cements. Stage E-F ferroan calcite cements 

occur either as syntaxial overgrowths, scalenohedral or 

bladed. textures. Stage G-H ferroan calcite cements exist as 

intergranular, passive void and fracture-fillings cements. 

These cements precipitated durin& compactioni and pre-date the 

dolomitization stages of a.i.aenesis. 

112 CRYSTAL MORPHOLOGY OF STAGE E-H CEMENTS 

There are major textural differences between stages in 

ferroan calcite cements. Stage E-F cements exhibit a 

syntaxial overgrowth and palisade texture. commonly 

developed from the surface of the bioclasts. More commonly, 

they occur as individual bladed or scalenohedral prisms 

which are syntaxial with fossil substrates or less commonly 

with the earlier cements. They show uniform extinction and 

have crystal sizes which vary from several to tens of 

microns. 
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Plate 11.1 	The bladed ferroan calcite cements (BC) 
developed from the substrate of bioclast. Note 
the boundary with high Ferroan calcite 
(stained dark purple) and clay-derived 
dolomites (CDD) 
(-CL vieJ) 

Plate 11.2 : The development of stage E-C and G ferroan 
calcite cements. Note that the a planktonic 
skeletal is completely replaced by dolomite: 
Keys : 	F . G = stages E p. C, respectively. 

(CL view). 
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Plate 11.3 : Vein-filled cements of stage G and H (ferroan 
Calcite). Stage I-K dolomites (DOL) replaced 
the stage G ferroan calcite cements. 
(CL view). 

Plate 11.4 	Showing the development of stage 	(ferroan 
calcite) cements from bioclast substrates. An 
extensive non-luminescence ferroan calcite of 
stage G completely obliterated the whole -pore 
spaces. 
[CL view] . 
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Unlike stacie E-F.. stage G-H cements are intergranular pore-

fills, passive void-fills or fracture-fills. Within the 

intergranular pore spaces and passive voids, interlocking 

crystals of big sparry cements are the most common, Within 

fractures, stage G cements always show an interlocking 

texture but in CL, it appears as vertical to inclined 

growth of cements from the substrate. 

11.3 TEXTURAL DEVELOPMENT OF STAGE E-J-i CEMENTS 

The crystal morphology, composition and mineralogy of 

cements are controlled by the kinetics of surface 

nucleation and the amounts of reactant, principally 

carbonate ions (Given and Wilkinson,1985). The textural 

variation in stage E-H cements, however, may correspond to 

various types of substrates and the nature of the pore 

geometry. 

Syntaxial overgrowths are represented by a continuous 

prismatic calcite crystal which show an optical continuity 

with the parent grains. These cements grew on bioclasts. 

Palisade and scalenohedral are isopachous to sub-isopachous 

layers of prismatic crystals growing normal to the 

substrate. Scalenohedral texture always developed within 

unrestricted pore spaces. 
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Interlocking and sparry cements developed within the 

intergranular pore spaces and passive voids. The crystal 

size is relatively bigger. It could possibly be caused by 

sufficient pore spaces and slower rate of precipitation. As 

a result, the whole pore spaces were completely obliterated 

by stage G-H cements. 

11.4 STAGE E-F CEMENTS 

11.4.1 Stage E : Dull Luminescent, Bladed-Scalenohedral 

Ferroan Calcite Cements 

Stage E cements are characterised by distinctive dull 

luminescence. Under the polarizing microscope, stage E 

cements are stained dark pink to light purple. The dull CL 

feature results from the moderate amounts of CL activator 

(Mn2+) and quencer (Fe2+), while the low to moderate amount 

of iron gives a dark pink to light purple appearance when 

stained. 

11.4.2 Stage F : Bright Luminescent, Bladed-Scalenohedral 

Ferroan Calcite Cements 

Stage F cements are characterised by a uniform thickness of 

thin homogeneous,bright yellow-orange luminescence of 

syntaxial overgrowth, bladed or scalenohedral cement 

crystals. These cements precipitated in optical continuity 

with stage E cements. This stage shows a dark pink to 

mauve, and rarely light blue appearance. 
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115 LATE FRACTURING 

As 	described 	in sections 11.2 and 11.3, the stage G—H 

cements precipitated within the intergranular pore spaces 

as well as fractures. The first cement recognised within 

the late fractures is stage G cement, commonly accompanied 

by stage H cements. Therefore, late fracturing pre—dated 

the stage G and H cements. 

11.6 STAGE G—H CENTS 

11.6.1 Stage G 	Non—luminescent, Intergranular and 

fracture—filled 	Ferroan 	Calcite 

Cements Stage G cements are the most dominant and extensive 

phase of cementation. They are recognised by their 

markedly non—luminescent CL appearance and are stained dark 

purple 	using a mixture of ARS and PF solution. These 

cements formed as planar edged or interlocking crystals 

within the interstitial pore system or fractures. They are 

easily distinguished from stage E—F cements which exhibit 

syntaxial overgrowth, bladed or scalenohedral textures. 

11:7 CHEMICAL COMPOSITION 
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TABLE 11.1 :CHARACTERISTIC FEATURES OF STAGE E-H CEMENTS 

STAGE SUBSTAGE CHEMICAL COMPOSITION (wt9 ) 	TOTAL SAMPLES 
(OX !DE) 

Mg2+ Na-1- Sr4+ 5±2+ Ca2+ Fe2+ Mn2+ 

E 	- 1.31 0,07 0.06 	0.34 54.55 0.06 0.05 n 	5 
SD: 0.22 0.03 0.16 0.03 0.81 0.03 0.03 
CV: 0.05 0.01 0.03 0.01 0.66 0.01 0.01 

F 	- 0.55 0.07 0.70 0.40 52.02 0.18 0.07 n = 3 
SD: 0.03 0.03 0.03 0.17 0.28 0.03 0.03 
CV: 0.01 0.01 0.01 0.03 0.08 0.01 0.01 

G 	- 0.70 0.01 0.67 0 53.26 0.55 0.05 n 	8 
SD: 0.19 0.03 0.32 0.03 1.76 0.27 0.03 
CV: 0.04 0.01 0.10 0.01 3.10 0.07 0.01 

H 	- 0.66 0.01 0.67 	0.01 51.31 0.44 0.46 ri 	= 	5 
SD: 0.06 0.03 0.05 0.03 0.17 0.04 0.03 
CV: 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

ISOTOPIC COMPOSITION: 

Stage E : 613C -0.4 96e PDB 
and F. 6180 = -3.2 . PDB 
Stage G 	: 613C -0.3 . PDB 

6180 = -4.7 96. PDB 

Stage H : 613C = -0.4 PDB 
6180 = -5.4 %o PDB 

DIAGENETIC ENVIRONMENTS: 

Stage E : oxic zone 
Stage F : suboxic zone 
Stage G : sulphate reduction zone 
Stage H : ± eaucing environments 
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The major and trace element composition of stage E—H 

cements are illustrated in Table 11.1. 

The chemical data indicate that the Mg2-1- concentration 

decreased from 1.31 wt 96 in stage E to about 0.6 wt 96 and 

remains about the same in stages G and H. However, there is 

a major increase in Sr4+ level from stage E to stages F.G 

and H cements. The Fe2+ level increases slightly from stage 

E to F, but there is a drastic increase in Fe2+ level from 

stage F to stages G and H. The Mn2+ level remains about the 

same in stages E. F and G. but there is a sudden increase 

in stage H cement. The Na+ concentration is constant at 

0.07 wt 96 in stages E and F. and decreases to 001 wt S in 

stages G and H cements. 

These data suggest that each stage has a significant 

elemental composition. However, the major break 	is 

between stage F and stage G where there is a distinctive 

change in Fe2+ level. This sudden increase 	could indicate 

a different source of pore fluids. Furthermore, there is an 

abundance of pyrite in stage G cements. Although a large 

amount of dissolved Fe2+ have been removed by reactions 

producing pyrite, the Fe2+ level still remained high in 

stages G and H. Therefore. the original pore fluid for 

stages G and H were iron—rich fluids. 

The cuetion arises where does the Fe2+ come 	from? As 
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the stage G cements precipitated. burial compaction 

continued. During this period, the minor solution seams 

and compacted clays could possibly release Fe2+ and 

therefore increase the level of Fe2+ in the precipitating 

solutions. 

A relatively high Sr4+ in later stages F, G and H cements 

could be related to changes in pore fluids. The 6r4+ could 

poibly be contributed by skeletons and clay minerals 

which often have a high 5r4+ concentrations 

The decrease in Mg2+ in 	the stage F could possibly be 

related to the depletion of Mg2+ in the chemically isolated 

fluids. and the substitution of Mn2+ in the lattice 

structure that would 	otherwise be filled up by Mg2+- 

However. the cause for high level of Mn2+ in stage H 

cements is unknown, but dissolved Mn2+ increases rapidly 

under reducing conditions (Shimmield and Price.1986) and 

reaches a maximum unless it has been used for other 

reactions by substituting Ca2+ or Mg2+. 

11.7.2 Formation of Pyrite 

Euhedral and framboidal pyrite crystals and aggregates are 

extensive within stage G cements, and none or very few) 

are present in other stages. The individual pyrite crystals 

vary from 5 to 25 u and aggregates are up to 80u in size- 
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11:8 ISOTOPIC COMPOSITION 

No satisfactory samples were obtained for each individual 

stage of stages E and F cements. Therefore, the mixtures of 

these two cement stages were isotopically determined. 

However, for stages G and H cements, pure individual 

samples were isotopically measured. 

The mean values for carbon and oxygen isotopic composition 

of stage E-F (mixture) cements are 613C = -0.3 	PDB and 

61 _37 	PDB: the stage G cements are 813C = -0.4 96 PDB 

and 8180 = -4.7 %o PDB; and finally the stage H cements are 

513C - -0.4 %o PDB and 6180 = -5.4 o PDB, respectively. 

The carbon isotopic composition values are more or less 

consistent, suggesting that they have similar source of 

carbon, possibly from the 	dissolved carbonate 	in sea 

water. 

The gradual depletion of 5180 values from stages E to H 

cements suggests a gradual increase in temperature during 

progressive burial. 

11.9 DIAGENETIC ENVIRONMENTS AND ORIGIN OF PORE FLUIDS 

Chemical and isotope data indicate that stage E-F cement.- ements 
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were probably precipitated within the oxic-suboxic 

environments. High Fe2+ concentration in stage (3 cement.-

with 

ements

with abundance of pyrite indicates precipitation in the 

sulphate reduction zone, while high Fe2-4- and Mn2+ levels 

within stage H may suggest precipitation from the organic 

fermentation zone. 
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CHAPTER 12 

NON-CARBONATE CEMENTATION PHASES AND DOLOMITIZATION 

12.1 INTRODUCTION 

Stage H cements marked the end of the extensive ferroan 

calcite cementation. After this stage, dolomitizatiori 

phases took place in association with non-carbonate 

cementation episodes. It is thought that at this stage 

compaction had become sufficient to provide a source of 

dolomitizing fluids. 

12.2 NON-CEMENTATION EPISODES 

Several non-cementation episodes have extended the 

diagerietic sequence. These episodes are described in the 

order of their first occurence. 

12.2.1 Major Compaction and Pressure Dissolution 

Severe mechanical compaction effects can be recognised by 

extensive broken fragments of skeletons and other 

terrigeneous platy grains. These broken fragments eomrnc:nly 

consists of broken cements of stages C-H. Therefore, 

compaction started after stage D cements and continued 

until after stage H cements. 

The effects of pressure dissolution are exhibited by the 
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Plate 12.1 	The S4 photomicrograph showing mixtures of 
smectite, illite and calcite. 
[SEN view] 

Plate 12.2 	The SEN photo showing a rosette texture of 
chlorites developed from the surface of other 
clay mineral, 
[SEN view] 
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presence of non-sutured seam solution (Wanless,1979) which 

invariably occur within the clay-rich sediments. Minor 

amounts of sutured-seam dissolution occur along clastic and 

skeletal grain walls. The presence of dolomite rhombs along 

these seams suggests that the seams either pre-date or are 

contemporary with the generation of dolomite. 

12:2,2 Sediment-filled fractures and brecciation 

Sediment-filled fractures (also called fissures) are 

vertical or inclined fractures into which later clay-rich, 

non-cemented materials have been injected in well cemented 

sediments. The fissures may contain earlier diagenetic 

cements which are useful in placing the fractures within 

the cement stratigraphy. 

Petrographic study shows that the fractures may contain 

bioclasts, similar to those in the over- and underlying 

non-cemented sediments which do not show overgrowths or 

other cement types. Some dolomite rhombs may occur.  

The sediment-filled fractures are only present within the 

interval where brecciation is dominant (subunit 2)- 

121.21.3 Smectite-Illite Conversion and Chioritization 

The XRD and S4 studies indicate that most of the clay 

types present are illite and smectite. There is relatively 

more illite than smectite and they commonly occur together 
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(plate 12.1). These features support the later contention 

that most smectite has been transformed into illite (see 

section 12.5.1). 

Authigenic ferroan chlorite commonly occurs as a small 

rosette of fan-shape clusters of pseudohexagonal crystals 

that. have developed as pore-linings on grains. This 

chlorite is commonly associated with smectite-illite clays. 

As early stage chlorite is characteristically a thick grain 

coating (Longstaffe,1986; Storey,1979), it is suggested 

that the sparse chlorites here are most likely late phase 

in origin. Furthermore, they occur within the non-cemented 

horizons where hydrocarbon has accumulated. Therefore, 

chioritization might take place just before the hydrocarbon 

emplacement. 

12.2.4 Hydrocarbon Migration 

Amorphous light brown to dense black-brown, opaque to 

translucent, material occur along dolomite rhombs. It is 

commonly surrounded by non-luminescent 	stage G ferroan 

calcite cements and present along non-solution seams. This 

material is unstable under the electron beam and often 

liquifies. The material is interpreted as a hydrocarbon 

stain. The occurence of hydrocarbon stain in association 

with dolomite along the non-solution seams, suggesting that 

the hydrocarbon migration post-date dolomitization, 
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123 DOLc:)MITIZATI0N NATURE AND TYPES OF DOLOMITE 

Several cement stages of different dolomite types post-date 

the stage H ferroan calcite cements. They occur in 

different crystal morphologies (section 12.3.1). Dolomites 

range in composition from non-ferroan to ankerite 

indicating a complex history of dolomitizatiori. 

12.:3.1 Texture and Fabrics 

Dolomites occur commonly as an idiotopic mosaic in 

association with xenotopic and hypidiotopic textures. Minor 

saddle (Radke and Mathes , 1980) or baroque (Folk and 

Asseretto.1974) forms are present. Although the crystal 

morphologies are more or less similar for most of the 

dolomites, chemical and isotopic compositions suggest that 

they probably formed from different pore fluids, 

(a) Methane-derived 	Dolomite 	This 	dolomite 	is 

characterised by very light carbon and heavy oxygen 

isotopic compositions (613C = -34.0 o PDB; 8180 = +3.0 o 

PDB) rather than its crystal morphology. Since the carbon 

isotopic values are almost similar to parent methane, it 

suggests that this dolomite precipitated from methane 

fluids, Therefore, it probably formed earlier 	in the 

diagenetic sequence. Details are illustrated in chapter 10- 
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(b) Clay-derived 	Dolomite:This 	occurs 	as 	individual 

euhedral rhombic dolomite crystals floating in a 

t.errigeneous clay matrix. Since the uncompacted sheltered 

areas like nodules are not dolomitised, this dolomite could 

possibly be formed subsequent to early (eq. nodule) 

cementation and possibly even after compaction. The 

dolomites are usually ferroan, suggesting formation in 

reducing environment and after compaction at a late-stage 

in diagenesis (McHargue and Price,1982). The Mg2+ and Fe2+ 

may be derived from local clay minerals and the 

dolornitizing fluids possibly come from brine and/or 

fermentation of organic matter. 

(c Organic-derived Dolomite: This is composed of heavier 

carbon and light oxygen isotopic compositions 

(613C-+3.0%0PDB 5180 = -4.0 % PDB) . Most ankerites have 

similar characteristics to this dolomite although they have 

a different crystal morphology. The source of dolomitizing 

fluids is most likely related to the fermentation of 

organic matter (Curtis,1978). 

12.3.2 Dolomite Stoichiometry and Compositional 

Variations. The natural dolomites rarely achieved their 

stoichiometric composition of (Ca 0.50, Mg 0.50) CO3. The 

early, shallow burial dolomites (non-ferroan) are less 

stoichiometric then the deeper burial dolomites (ferroan): 

The ferroan dolomite, therefore, exhibit less variation in 
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TABLE 12.1 CHARACTERICTIC FEATURES OF STAGE I-K CEMENTS 

STAGE SUBSTAGE CHEMICAL COMPOSITION (wt %_) TOTAL SALES 
(OXIDE)  

Mg2+ Na+ Sr4+ S12+ Ca2+ Fe2+ Mn2+ 

I 	- 	16.92 0.04 0.04 0.06 33.96 0.53 0.04 	n - 5 
SD: 0.14 0.09 0.14 0.08 0.46 0.09 0.10 
CV: 0.02 0.01 0.02 0.01 0.22 0.01 0.01 

3 	- 	17.83 0.05 0.06 0.02 32.85 0.08 0.00 	n = 5 
SD: 0.56 0.09 0.13 0.08 0.93 0.09 0.10 
CV: 0.32 0.01 0.02 0.01 0.87 0.01.0.01 

K 	- 	18.18 0.09 0.08 0.13 31.62 0.87 0.41 	n - 5 
SD: 0.65 0.08 0.12 0.09 1.15 0.24 0.17 
CV: 0.43 0.01 0.02 0.01 1.33 0.06 0.03 

SD - Standard deviation @ 95 % confident level 
CV = coefficient of variation 

ISOTOPIC COMPOSITION: 

Stages I + 3 + K: 613C = +3.0 %o PDB 
6180 = -4.2 96 PDB 

DIAGENETIC ENVIRONMENTS: 

Stage I 
Stage 3 	Heducing environments 

Stage K : 
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composition than the non-ferroan dolomites. 

Chemical data indicate almost all dolomites within the 

study interval are calcian (Ca 0.63, Mg 0.37) CO3 and far 

beyond the stoichiometric composition. It is probably due 

to the fact that the high iron concentration within the 

dolornitizing solution tends to substitute Fe2+ for Mg2+ to 

form more ferroan dolomites or ankerites. 

Dolomitization may not be a continuous process as shown by 

the fluctuations of iron concentration. This fluctuation 

may indicate inconsistancy in degree of bacterial 

fermentation, compaction and neomorphism. Therefore, some 

time would have elapsed between the successive dolomite 

stages. 

124 DOLOMITE STAGES AND CHEMICAL COMPOSITION 

The existence of more than one dolomite type creates 

difficulties in identifying dolomitization stages. It is 

unknown whether the clay-derived dolomites were formed 

before . after or simultaneously with other types of 

dolomite. If each dolomite 	type 	precipitated 

contemporaneously, they must exhibit at least a similar 

chemical and isotopic composition if not the same crystal 

morphology. The stages or zones (<2.0 u) of clay-derived 

dolomites are too narrow, making it impossible to analyse 
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Plate 12.1 : Clay-derived dolomite seen in CL. They form as 
individual rhombic crystals. 
I CL view] 

Plate 12.4 	Stages 1-1< dolomites seen under plane 
polariséd view. Note the sharp boudary 	(flOU) between non- 

cemented and dolomitised horizons. 
[Plane polarised view] 
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their chemical and isotopic compositions. 

12.4.1 Clay-derived Dolomite 

Under the polarizing microscope, the clay-derived dolomites 

appear to be floating within the clay matrix as individual 

rhoriths. The size of individual rhombs ranges from 10 to 

30u. In CL, the outer layer of these rhombs (later stage) 

is marked by a bright orange-yellow luminescence which 

overlies the non-luminescence of the inner zone (earlier 

stage) 

All dolomites here are calcian in nature (Ca 0.63, Mg 0.37) 

CO3, with a relatively low level of iron ({Fe2+1 	0.2 wt 

or K 0.3 mole FeCO3). and consist 	of considerable 

amounts 	of Sr4+ ([5r4+] < 0.2 wt 	) . The chemical 

composition of each individual rhomb varies, depending 

probably on the local source of clays and organic matter. 

The composition of the later stage (bright orange-yellow) 

was not determined as the size of this stage is less then 

the probe beam size. 

The formation of clay-derived dolomites is often associated 

with pyrite. 

12.4.2 Organic-derived Dolomite 

These dolomites can be differentiated significantly by 

three CL and BEI horizons. In CL, they appear as 
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'dull-black-bright luminescent and in BEI they correspond 

to 'grey-dark-bright' characteristics. A combination of 

these features has lead to differentiate the dolomites into 

stages I, J and K. 

i. Stage I : Ferroan Dolomite 

The stage I cements are calcian and consist of relatively 

high iron ([Fe2+1 = 0.53 wt 96) and low Manganese ([Mn2+] - 

004 wt S) . This stage was probably precipitated in the 

sulphate reduction zone. 

IL Stage J Non-Ferroan Dolomite 

This cement stage is composed of a low level of iron 

(Fe2-4-1- <0.08 wt 96) and no manganese ([Mn2+1 = 0.0). There 

is a slight increase in Na+, Sr4+ and Mg2-I- concentrations. 

and a decrease in Mn2+ concentrations from stage I to stage 

3 cements. Low Fe2+ and absence of Mn2-4- in stage 3 

characterise a suboxic environment. 

iii. Stage K 	Ferroan Dolomite 

The most significant difference of stage K cements is the 

rapid enrichment in iron and manganese. The iron level is 

[Fe2+] - 0.87 wt 96 while the manganese concentration, 

[Mn2+] = 0.41 wt % . These significant changes might be 

associated with changes from oxidising to reducing pore 

fluids, possibly associated with a zone of organic 

fermentation. 
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There is a continuous increase in Mg2+, Na+ and 5r4+ 

concentrations from stage I through J to K. Simultaneously.. 

the Ca2+ increased from stage I to K cements. 

12.5 SOURCE OF IONS FOR DOLOMITIZING FLUIDS 

In the literature, several mechanisms have been proposed to 

explain the sources of major and trace elements for 

dolornitizing solutions. As compaction and pressure 

dissolution pre-dated the dolomitization, the possible 

source for Ca2+ could be from pressure dissolution of 

primary carbonate which related to burial compaction. The 

production of dissolved Ca2+ would be greater in the well 

compacted facies. Therefore, within the clay-rich interval 

where compaction is more severe, the dissolved Ca2+ and 

Mg2+ could be higher than the non-compacted. fossil-rich 

horizons. 

The possible sources for Mg2+ could be from (1) high Mg-

calcite (IC) (2) absorbed on surface of clay minerals or 

organic matter (3) introduced by sea water during 

sedimentation (4) diffused from overlying seawater.. and (5) 

Mg in a structural position in clay minerals (Baker and 

Burns,1985). Since the dolomites here were formed at late 

stage od diagenesis, the source (1). 	(3) and (4) are 

thought not to be applicable. Therefore, the major source 
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could be from clay minerals. The possible mechanism is the 

smectite—illite conversion (see section 12.5.1). 

The occurence of ferroan dolomite rhombs in the clay matrix 

and organic—rich sediments supports the involvement of both 

clay minerals and organic matter. The significant amounts 

of clay—rich sediments and organic matter further supports 

that the Fe2+ and Mg2+ were derived locally and internally 

within the particular bedding or lamination. 

12.5.1 Smectite—Illite Transformation 

Low permeability in clay minerals may prohibit ions 

diffusing from distance sources. As a result, little or no 

dolomitization could take place unless the dolomitizing 

ions are locally derived, presumably from clays. These 

post—compactional ferroan calcite and dolomite cements in 

association with clays were noted by Oldershaw and Scoffin 

(1967) and McHargue and Price (1982) , and they concluded 

that the clays were the source of Fe2+ ions. 

The release of Mg2+ from chlorite, vermiculite and 

srnectites interlattice positions (Kahle, 1965) could be the 

major contributor for the formation of dolomites. The 

vacancy created by the release of Mq2+ ions is often 

replaced by anions. Within nearsurface condition, the Mg2+ 

in smectite is replaced by Ca, K and Na (in order of 
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preference) However, K tends to replace the Mg 	under- 

burial 

nder

burial condition (Powers.1957) in order to produce illite 

and to release Mg2+, Fe2+, Ca2+. 3±4+ and Na+ (Weaver. i958 

Weaver and Beck,1971). 

In sandstone adjacent to smectite-rich shale. 3i4+ and Ca2+ 

are released early to produce quartz overgrowth and calcite 

cements (Boles and Franks.1979). These are later followed 

by increasing release 	of Mg2+ and Fe2-4-. As a result. 

replacement of calcite cements by dolomite/ankerite or the 

transformation of kaolinite to chlorite may take place 

(Weaver and Beck.1971; Boles and Franks,1979). 

The organic matter is commonly associated with clay 

sediments. During decay, CO2 produced is changed into HCO3-

(Curtis.1973; Irwin,1980) which provides CO2-2 within the 

pore fluids. The existence of these CO2-2 cations and 

Ca2+, Mg2+ and Fe2+ released during the transformation of 

smect.ite-illite may lead to the formation of dolomite, 

ferroan dolomite or ankerite under reducing environments. 

As the dolomite rhombs are often floating in the clay 

matrix, it suggests that the source of ions should come 

from local or internal clay matrix. 

12.6 CARBON AND OXYGEN ISOTOPES 

Bulk isotope analyses of stages I-K (mixture) show that 
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the the cements are composed of heavy 	carbon and light 

oxygen isotopic compositions. Most published papers have 

coded bacterial fermentation of organic matter as a source 

for the heavy carbon (Irwin et al.,1977; Curtis. 1978). 

The carbon isotope values. 513C range from +2.0 to 8,0 

PDB.The low 513C values as compared to typical bacterial 

fermentation zone (513C 	+15.0 %o PDB) could possibly be 

caused by buffering due to dissolution of marine 

carbonates. The variable 513C values probably suggest a 

variability in the degree of buffering and origin of 

replacement (Land, 1980). 

Heavy carbon isotope values and a relatively low Fe2+ 

concentration in stage J cements probably suggest that a 

great amount of Fe2+ has been removed from pore fluids 

within an active sulphate reduction zone during the 

dolomite precipitation. Conversely, high Fe2+ concentration 

within the stages J and K may suggest less removal of Fe2+ 

ions from dolomitizing solutions during precipitation. 
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CHAPTER 13 

STAGE L - M : ANKERITES AND LATER CEMENTS 

13.1 INTRODUCTION 

Ao a continuation of stage I-K dolomite cements, later 

phases of ankerites extend the sequence of the cement 

tratigraphy. These ankerites are mostly replacive in 

nature, subhedral to euhedral in crystal shape and in 

places occlude the remaining pore spaces. 

13.2 CRYSTAL MORPHOLOGY AND DISTRIBUTION 

Texturally, ankerites appear as subhedral to euhedral 

crystals or aggregates. They are stained dark blue by 

mixture of APS and PF. The crystal faces often display a 

very dirty appearance. The crystal size varies from about S 

to 50 microns in diameter. 

The ankerites sometimes occur as intergranular occlusion 

cements (stage M) within the sediments where the clay 

matrix contains an abundance of organic matter. However 

the subsequent late stage N ferroan calcite cements occur 

only as pore-occlusion cements, filling the remaining pores 

after stage M. 

The ankerites and late phase ferroan calcite cements occur 
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Plate 13.1 : The photograph showing ankerite crystal 
aggregates (ANK) replaced calcite (CAL) and 
dolomite (DOL) cements. 
[Plane Polarised View] 

Plate 13.2 : Changes in crystal morphology and composition 
of ankerites (stage L-M) . The inner most the voids are 

filled by stage N very late ferroan calcite 
cements. 
[Plane polarised view] 
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TABLE 13.1 : CHARACTERISTIC FEATURES OF STAGE L-M CEMENTS 

STAGE SUBSTAGE CHEMICAL COMPOSITION (wt96) 	TOTAL SAMPLES 
(OXIDE) 	 - 

Mg2+ Na+ Sr4+ 512+ Ca2+ Fe2+ Mn2+ 

L 	- 	17.69 0.05 0.12 1.33 30.49 2.32 0.44 	n = 3 
SD: 0.04 0.03 0.03 0.03 0.46 0.09 0.03 
CV: 0.01 0.01 0.01 0.01 0.21 0.01 0.01 

M 	- 	12.09 0.07 0.22 0.48 31.26 10.01 0.42 n 	10 
SD: 0.78 0.04 0.03 0.49 1.37 1.25 0.24 
CV: 0.62 0.01 0.01 0.24 1.88 1.56 0.06 

N 	- 	1.01 0.04 0.25 0.01 51.85 1.58 0.35 n = 5 
SD: 2.68 0.03 0.03 1.70 2.03 0.64 0.14 
CV: 7.03 0.01 0.01 2.90 4.12 0.42 0.02 

SD = standard deviation © 95 96 confidence level 
CV - coefficient of variation 

ISOTOPIC COMPOSITION: 

Stage L + Stage M : 13C = +3.0 96Q PDB 
6180 = -4.2 96 PDB 

Stage N : No data 

DIAGENETIC ENVIRONMENTS: 

Stage L :' 
Stage M : 	Reducing Environmentsi 
Stage N :J 
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within the Lower Sandstone unit of Wells A and B. and 

rarely in selective locations within subunit 3 interval 

(Fig.13.1). None of them have been found in subunits 1 and 

2. 

13.3 CHEMICAL COMPOSITION 

13.3.1 Composition of Stage L-M : Ankerites 

The ankerite occurs as early, neomorphic fine (5-10 U) 

crystals and late neomorphic large (10-50u) crystals. 

Chemically, iron concentration increases with increasing 

crystal size. The early ankerite is composed of 5.3 wt 

iron oxide or about 7.0 mole 	FeCO3. The 5.0 mole % FeCO3 

is taken as a boundary between ferroan dolomite and 

ankerite. 

Generally, stages L-M cements are calcian in composition 

(about 12.0 to 17.7 wt 	MqO). The cements also contain 

high concentrations of Fe2+ and Mn2+. The Fe2+ level 

increases from stages L to M but the Mn2+ level is 

unchanging. The increase in Fe2+ level causes a change in 

Cl colour from dull to black, non-luminescent. 

The Na+. 6r4+ and Ca2+ levels have also increased from 

stages L to M. These increases may be associated with the--

release 

he

release of Mg2+ and 5i2+ which were then substituted by 

these three elements. 
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13r3:2 Composition of Stage N : Late Ferroan Calcite 

There is a significant change from ankerite to ferroan 

calcite (stage N) . The stage N cements are differentiated 

by a bright yellow-orange luminescent colour, distinct from 

the black, non-luminescence of stage M ankerite. 

Due to the change in mineralogy, the total elemental 

compositions have changed significantly. Other than an 

increase in Ca2+ and decrease in Mg2+ concentrations in 

stage N cements, the Fe2+ level decreases to about 1.5 wt 

%. Mn2+ level drops slightly.The high level of Mn2-4-

relative to Fe2+ gives a bright luminescent colour to stage 

N cements. 

The changes in mineralogy and elemental compositions from 

stage M to stage N indicate that there was a major change 

in pore water fluids during this transition although both 

of them might be formed under reducing condition due to the 

fermentation of organic matter. 

13.4 ISOTOPIC COMPOSITION 

The arikerites are composed of heavy carbon and relatively 

light oxygen isotopes. The mean 	of carbon and oxygen 

isotope values are 513C = +3,5 %o and 6180 = -4.5 96, 
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TABLE 13.2 : CHARACTERISTIC FEATURES OF UNIDENTIFIED CEMENTS 

STAGE SUBSTAGE CHEMICAL COMPOSITION (wt 96) TOTAL SAMPLES 
(OX IDE) 

Mg2+ Na+ Sr4+ 5±2+ Ca2+ Fe2+ Mn2+ 

	

Uriidentified0.11 0.02 0.02 0.02 52.89 0.24 3.02 	n = 3 
SD: 
CV: 

	

Unidentified0.02 0.03 0.03 0.02 54.14 0.01 0.81 	n = 3 
SD: 
CV: 

SD 	standard deviation 
CV = coefficient of variation 

ISOTOPIC COMPOSITION: 

Both unidentified stages 	13C = -9.0 %o PDB 
618() = -3.5 9306 o PDB 

DIAGENETIC ENVIRONMENTS: 

Both unidentified stages 
	

Suboxic zone 
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respectively with reference to PDB standard. 

The heavy carbon indicates that the possible source of 

carbon was probably the fermentation of organic matter 

(Curtis.1975: Irwin et al.,1977) although the values are 

not as high as the typical fermentation value of -4-15O So 

PDIB. This slightly low value is probably caused by a degree 

of buffering, replacement or the openess of the system for 

precipitation. 

A decrease in 6180 is often interpreted in terms of an 

increase in the temperature of cement formation during 

burial (Hennesy and Knauth,1985). The depletion in 5180 in 

these stages L—M cements (compared to earlier stages I—K) 

indicates an increase in precipitation temperatures as 

burial progresses with time. 

No significant samples have been obtained representing 

stage N cements for isotope analysis. Therefore. no data 

are available representing the stage N cements. 

13.5 UNKNOWN CEMENT POSITIONS IN CEMENT STRATIGRAPI-IY 

There are several cements whose positions in the cement 

stratigraphy cannot be determined. These cements are mostly 

interqranular and occur as one mineral phase. No cross—

cutting relationships can be seen as they are mostly 
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represented by cutting samples only. These cements are: 

13.5.1 Non-ferroan, High Mn2+ Calcites 

Occurence 	Below and above the methane-derived dolomite 

interval in Well A only. 

Crystal Morphology : commonly occur as interlocking or 

slightly radiaxial appearance. 

Chemical Composition 

Type 1 :{Mg2+0.11, Fe2+ = 0.24, Mn2+ = 3.02} wt 96 oxide. 

Type 2 :{Mg2+ = 0.02, Fe2+ 	0.01.. Mn2+ - 0.81 } wt 96 

oxide Isotopic Composition : 613C = -9.0 %o PDB, 6180 

-3.5 %o PDB Interpretation : These cements may be of early 

origin. Tne high Mn2+ could possibly be caused by an excess 

of Mn2+ as no other reactions took place at that time to 

replace it in the lattice structure. Therefore, the Mn2+ 

remains high. 

1:3.5.2 Other Cements 

The dolomites with positive carbon and oxygen isotopic 

values are also of unknown origin. 
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CHAPTER 14 

DIAGENETIC TREND AND BURIAL HISTORY 

14.1 INTRODUCTION 

The interpretation of diagenetic history is not complete 

without knowing the burial history of the sediments. For 

each cement stage, the temperature, diagenetic environments 

and depth of burial at which the cements precipitated need 

to be combined with the lithostratigraphy and related data 

in order to get a clear picture of the burial history of 

the sediments. 

14.2 PRECIPITATION TEMPERATURES 

The oxygen isotopic equilibrium fractionation between a 

carbonate and water is a function of temperature (Irwin et 

ai1977) although the relationship may depend on the 

carbonate mineralogy. The relationship for calcite is given 

by 	(Epstein et_al.,1953; Craig,1965) 

T (°C) = 16.9 - 4.21(dc-dw) + O.14(dc-dw) 
2. 
 

where. (óc-dw) - measured difference in 6180 between 

calcite 

and water at 25°C. 

T (°C) = temperature in degrees centigrade 
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STAGE SAMPLE dI3C960PDB 	d18O960PDB T°C MAX.BURIAL DEPTH(m) 
------------------------------------------------------------ 

A-B B.1585 -0.01 -2.11 20.8 1841 
B.1585 -0.12 -2.50 21.9 1894 
A.1528 -0.65 -3.04 25.1 1536 
D.1728 -0.07 -2.84 24.2 1851 
A.1528 -0.38 -2.74 23.7 1484 
A.1500 +0.72 -2.61 23.1 1464 

C-D C.1577 -0.41 -3.67 28.2 1808 
D.1717 -1.12 -3.76 28.6 2045 
D.1669 +0.78 -3.50 27.3 1986 
D.1714 -0.21 -3.75 28.7 2050 
C.1577 -0.21 -4.08 30.2 1884 
D.96 -0.55 -3.36 26.7 1962 

G-H D.1721 -0.51 -4.88 34.3 2295 
D.1714 -0.06 -4.37 31.7 2182 
D1714 -0.07 -4.39 31.8 2185 
D.1721 -0.67 -4.95 34.7 2314 
C.1500 -0.43 -4.81 33.9 2028 
C.1500 -0.38 -4.83 34.3 2043 
A.1548 -0.65 -5.03 35.1 1894 

A.1690 -9.27 -3.35 26.6 1590 
A.1690 -6.65 -3.68 28.2 1646 
A.1450 -11.58 -3.96 29.6 1597 
A.1548 -9.55 -2.40 22.2 1430 

E-F A.1650 -37.64 +1.19 19.6 1339 
A1626 -32.45 +3.56 9.4 973 
A.1640 -32.22 +2.45 13.9 1134 
A,1578 -32.50 +3.22 11.2 1038 

I-K B.1470 +4.56 -3.37 44.7 2965 
B.1530 +3.23 -4.72 53.6 3410 

L-M B.1485 +3.08 -3.78 47.3 3107 
B.1465 +2.73 -3.89 48.0 3142 
B.1565 +1.70 -4.24 50.3 3250 
B.1485 +2.64 -3.87 47.9 3136 

A.1470 +4.54 +0.98 20.6 1375 
D.1669 +1.12 +0.15 24.7 1873 

* Geothermal Gradient 	: Well 	A=1.60°F/100ft: Well 	B1.20°F/ 
lOOft: 	Well C1.46°F/100ft; 	Well D=1.30°F/100ft (Calculated 
data, 	Wan, pers. 	conv,1989) 

TABLE 14.1: 	ISOTOPIC COMPOSITION. INFERRED TEMPERATURES AND 

DEPTH OF PRECIPITATION. 
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For dolomite (and ankerite), the relationship is given by 

the following 

T (°C) - 31.9 - 5.55(&i-6w) + 0.17(6d-6w) 

where (dd-dw) = measured difference in 5180 between 

dolomite 

and water at 25°C. 

The value of 6w = -1.20 %a PDB (Shackletori and 

Kennett.1975) has been assumed for both seawater and pore 

water. This assumption has to be made as the composition of 

the anibient fluids were unknown. Therefore, by substituting 

this value, the temperature for each measured cements can 

be calculated. As the actual geothermal gradient for each 

well is known, the depth of burial for each measured 

cements can be calculated as shown in Table 14.1. The 

deepest burial ankerite give maximum burial depth of about 

3 kilometers. 

The calculated curve of burial depth for each successive 

cement stages is illustrated in Fig.14.3 By interating 

t.iiem with structural episodes and basin development, the 

complete burial history and porosity development and 

destruction within the basin can be estimated. 
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14.3 CEMENTATION AND DIAGENETIC HISTORY 

14.3.1 Early Shallow Burial Diagenesis 

The early diagenetic development within the study interval 

is partially controlled by the original sediments 

composition, sedimentary facies and local structural 

setting of the area which lead to the development of local 

cements, for example methane -derived dolomites, The 

existence of bioclasts and their quantity and distribution, 

partially controlled the distribution of early calcite 

cements. Point count analysis indicates that the nodules 

(bioclast-rich) are 	composed 	of higher early calcite 

cements than in bioclast-poor sediments. 

The occurence of nodules and breccias (themselves 

influenced by ichnofacies) also controlled the distribution 

of early cements. Although the nodules only formed 

post-stage B (and not very early as originally thought), 

they show some significant influence on the distribution of 

the early pre-compactional cements of stages A to F. 

The mixed siliciclastic-carbonate sediments were deposited 

in moderately shallow water environments within the photic 

zone, above and below the storm-wave base, Within the first-

ten.- 

irst

tens to hundreds of meters below the sea level, the first 

generation of non-ferroan calcite (stage A-B) cements 

developed which often show an overgrowth, bladed or 
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pore-filling texture. 	They were followed by localised 

methane-derived dolomite (stage 	C - D) . This event was 

subsequently followed by the development of extensive 

overgrowth. bladed.. scalenohedral and pore-filling mosaics 

of stages E-H which are composed of slightly to highly 

ferroan calcite. These stages represent reducing pore 

fluids. 

The common events during the early, pre-compactional 

shallow burial diagenesis are the formation of nodules 

(post-date stage D cements) and minor dissolution episodes. 

Very early fractures were formed which pre-date the stage 

C/D cements. A later fracturing event took place 

post-dating the stage F cements; these fractures were later 

cemented by stages G and H ferroan calcite cements. 

14.3.2 Deeper Burial Diagenesis 

A deeper burial diagenesis is marked by the occurence of 

extensive ferroan calcite and ferroan dolomite episodes. 

Stage G-H cements, which represent the pore-filling and 

fracture-filled cements, are the most extensive cementation 

events which almost completely occluded the pore spaces(fig.14.4). 

After this sequence, various non-carbonate cementing 

episodes took place. These include:- dissolution, major 

compaction, sediments-filled fractures.. smectite-illite 

conversion, 	chloritization, 	pressure 	dissolution 
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(non—solution seams) and major deformation episode of 

brecciation. Most 	of 	these events provide sufficient 

sources of ions (and other pre—requisites) for dolomitizing 

solutions which later followed. 	The occurence of 

oil—stains indicate the phase of hydrocarbon migration was 

after these episodes. 

Dolomitization is rather complicated within the study 

interval as several types of dolomite occur and each may 

have different origins. Isotope data indicate that the 

dolomites originate from (a) methane fluids (b) 

fermentation of organic matter , and (c) brine solution 

probably from compacted clay or shale. The variations in 

chemical composition may indicate that the dolomitization 

was not a continuous process, 	though the dolomitization 

events were associated with major compaction. 

The high concentration of Fe2+ within the dolomitizing 

fluids provides a source for ankeritization although they 

are relatively more calcian. The ankeritization is rather 

replacive and neomorphic in nature. as a result of 

replacement of other minerals particularly dolomite: 

The occurence of iron—rich calcite post—dating the 

ankeritization episode marked the end of the diagenetir 

history of the studied sequence. These cements may 

represent precipitation from the organic fermentation zones 
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As a result of complex diagenesis, the whole 

intergranular porosity was completely obliterated by 

stages A-N cements except in Lower Sandstone unit where the 

primary porosity is still partially retained. This is 

probably due to the fact that the interval is more 

restricted from other episodes of diagenesis by different 

sedimentary facies type and locality of the wells. 

14.4 BURIAL HISTORY 

The burial history of the studied interval is summarised in 

Fig. 14.3.... 

The calculation indicates that the deepest depth of burial 

recorded from stage L-M ankerite is about 3.5 kilometrs 

since no data is available representing stage N ferroan 

calcite cements. Conversely, the shallowest depth is 

recorded by the precipitation of methane-derived dolomites 

between several and hundreds of meters of 	burial. The 

rest of the events within the cement stratigraphy fall in 

between these two extremes. 

The plots of 8180 water QSMOW versus precipitation 

temperatures indicates that the methane-derived dolomites 

record the lowest precipitation temperature (average 13.5 

°C) and the highest temperature is recorded by ankerite 
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(averacre 46.60 C). A single bulk isotope analysis at similar 

star±graphic position but located at topographic low area 

records 	the temperature up to 120 ° C. Therefore, the 

basement topography and location of the wells play an 

important role in controlling the cements distribution. 
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CHAPTER 15 

CONCLUSIONS 

15.1 PART 1 	SEDIMENTATION HISTORY AND POST-DEPOSITIONAL 

MODIFICATIONS 

The mixed siliciclastic-carbonate sequences are placed 

within the relatively high-amplitude roll -over anticlinal 

structure which is bounded by a major fault and cut by a 

series of small 	faults 	trending 	subparallel to the 

major fault. Within the structure, two palaeoridges 

(palaeohighs) were recognised; one has an E-W trend which 

separated the structure from the deeper area in the SW. 

Another one has a N-S trend palaeoridge. The 

palaeotopographic highs and lows were responsible for the 

deposition of mixed siliciclastic-carbonate sediments and 

significantly influenced facies development and diaqenesis, 

The mixed siliciclastic-carbonate sequence 	was deposited 

between the underlying Lower Sandstone and the overlying 
seclion 

upper sandstone units. The integration of seismicA,well 

logs and well samples suggests the presence of three 

different depositional sequences, called subunits 1, 2 and 

3. 

(a) Subunit 1 	The base of this unit is marked by 

comparatively high GR response (cal careous sandstone) 

which is correlatable with seismic horizon 2. This subunit 
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is characterised by very extensive burrowing mostly 

Planolites and subordinate Chondrites. 

(b) Subunit 2 : The top of subunit 2 is marked by a 

constant low GR response (calcareous sandstone to sandy 

limestone) which is correlatable to seismic horizon 3. This 

subunit is characterised by extensive occurence of 

diagenetic nodules, breccias and alternations of 

bioclast-rich and clay-rich sediments. The nodules were 

formed early (after stage C cement) in the burial history. 

They are commonly nucleated within the burrow systems. 

suggesting that their formation was controlled by 

bioturbation. Thalassinoides burrows are dominant within 

this subunit. 

(C) Subunit :3 : is marked by a comparatively high and 

consistent GR response (siltstone). This subunit is 

characterised by parallel-laminated siltstone. 

Eleven sedimentary fades were recognised within the Lower 

Sandstone and mixed silicidlastic-carbonate (subunit 1 to 

3) sequence. By using five facies associations. the mixed 

silidiclastic-carbonate sequence was interpreted as being 

deposited in a marine area from a open marine.. storm-

dominated shelf to a restricted nearshore environment. 

Subunit 1 represents deposition by turbidity currents in an 

offshore area, which probably filled a comparatively low 
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topography. This might cause shallowing of the water depth, 

raising the seabed above storm wave base into a zone of 

high carbonate productivity. As the sporadic storms came 

in. they accumulated the coarse-grained bioclastic 

skeletons and deposited them as winnowed shell lags. When 

the storm intensity decreased, the remaining clastic 

sediments were deposited, followed by finer ones.This lead 

to the development of bioc1 st-rich storm shoal deposits 

(subunit 2) which prograded as a continuous body. The 

sediments later underwent early diagenesis to form nodules. 

The area was blanketed by siltstone (subunit .3) deposited 

in a restricted nearshore environment. 

During the deposition of subunit 1, the eastern part of the 

structure was an erosional/non-depositional high as 

indicated by the absence of subunit 1 in the east. 

Westwards. the shallow open marine shelf produced mixtures 

of bioclast-clastic material during the periodic storms 

(shoal facies) and developed over the E-W palaeoridge. A 

short trangsgression might have occured towards the end of 

the deposition of subunit 1. Subsidence in the high area 

around well A gave rise to a N-S trend palaeoridge (shoal) 

which separated the restricted nearshore from open marine 

shelf in the west. A subsequent marine regression initiated 

the deposition of subunit 2 (open marine, storm-dominated 

shelf) and subunit 3 (restricted nearshore environment) 

east of the palaeoridge. Progradation of the sequence 
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seawards produced the vertical sequence in the wells 

cores. 

15.2 PART 2 : SEDIMENT DIAGENESIS AND CEMENT STRATIGRAPHy 

The integration of petrographic and geochemical techniques 

reveals a cement stratigraphy comprising cements, of 

numerous stages 	(A-N) . 	Some 	of 	these cements are 

confidently correlatable within the structure (and possibly 

within the whole basin) . Supported by other data and 

non-cementation episodes it is possible to identify the 

diagenetic environments and burial history of the 

sediments. 

The nature of the original sediments plays an important 

role in controlling the early phases of diagenesis. As the 

mixed Siliciclastic-carbonate sediments were deposited in 

shallow water environments within the photic zone, above 

and below storm-wave base, the 	distribution of bioclast 

components controlled the distribution and quantity of 

early calcite cements. Within the first tens to hundreds of 

meters, the first generation of overgrowth and bladed. 

non-ferroan calcite (stage A-B) ceiers 	developed. They 

were later followed by localised methane-derived dolomites 

(stage C-D) cements. The stage E-H ferroan calcite cements 

which represent reducing pore fluids later developed. Stage 

E-F represent 	bladed or overgrowth cements whereas the 
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stage G-H represent 	intergranular and vein-filling 

cements. The stage G was the most widespread cement 

A deeper burial diagenesis is marked by the occurence of 

extensive ferroan calcite and dolomite cements. Stage G-H 

which represent the pore-filling and fracture-filled 

cements are the most extensive. Several non-cementation 

episodes such as dissolution, major compaction, 

sediment-filled fractures. smectite-illite conversion, 

chloritization, pressure dissolution and brecciation extend 

the diagenetic sequence. 	Most of these events provide 

sufficient sources for dolomitizing solution which were 

later followed by hydrocarbon migration. Stage I-K dolomite 

cements later developed and the excess of Fe2+ within the 

dolornitizing solution yields stage L-M ankerites. The 

formation of stage N (very late ferroan calcite) cement 

ends the carbonate cement stratigraphy of the mixed 

sediments. 

Calculation indicates that the deepest depth of burial 

recorded by stage L-M ankerite cements is about 35 

kilometers and were formed at about 49 ° C. Conversely, the 

shallowest depth of burials was recorded by methane-derived 

dolomite (up to several hundreds metres) and was 

precipitated at temperature 13 0C. 

15.3 PART 3 : POROSITY DEVELOPMENT 
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Porosity measurements were recorded of core plugs taken 

from wells C and D. The highest average values (about 1896) 

were obtained from the clay-rich sandstones which had 

medium sand grains and coarse bioclasts at the top of 

subunit 2 in well C • Intermediate values of 11-15S were. 

obtained from both the well-laminated sediments in subunit 

3 from wells C and D and those fine sediments with abundant 

Planiolites and Chondrites burrows. The lowest values (about 

6-896) were obtained from the nodular fades abundant in 

subunit 2 of wells C and D. No values were obtained for the 

dolomites, though visual inspection of thin section showed 

these rocks to be exceedingly tight. 

There is a relationship between the present porosity values 

F rid the depositional environment of the sediments. The 

relatively coarse and well-sorted bioclast-rich sandstones 
hch 

and limestoneAwould originally have had a high porosity are 

now well cemented by early and late phases of carbonate 

cements. These bioclast-rich rocks provided both a local 

source of carbonate for cement and also abundant substrates 

for calcite growth. Thus storm lag layers and those 

burrowed sequences with abundant bioclasts were probably 

early permeability barriers. 

Secondary porosity was created in certain rocks at several 

stages: 
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dissolution of unstable aragonite skeletons (but these 

were invariably filled by carbonate cements shortly 

afterwards). 

brecciation of early nodules, perhaps accompanied by 

carbonate dissolution during the fracturing phase. 

late stage dissolution of minor feldspars and clay 

minerals on deep burial. 

though the mineral phase changes from calcite to denser 

dolomites and ankerites may initially have created 

porosity the completeness of dolomitization has brought 

about an occlusion of any pore spaces created. 

The distribution of porosity values now shows that the 

clay-rich sediments have higher porosities than the 

bioclast-rich sediments even though the clay-rich rocks 

have suffered severe compaction and pressure dissolution. 

It is important to stress again that most rocks in this 

mixed siliciclastic-carbonate sequence have compositions 

that lie somewhere between the clay-rich and bioclast-rich 

end members. The combination of the two controls on final 

porosity - theain composition and texture controlled by 

depositional environment and the porosity reduction and 

creation controlled by diagenesis- have resulted in those 

clay-rich rocks with abundar-t 	quartz sand and bioclast 

grains that were deposited below storm wave base but not. 

too far offshore being the ones with greatest reservoir 

potential. 
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APPENJJx 1 

MATERIALS AND METHODOLOGY 

1.1 INTRODUCTION 

The project commenced by gathering the results of several 

lines of study: (i) a regional and structural 

interpretation using seismic sections. (ii) establishment 

of lithostatigraphy and well correlation using electric and 

wireline logs. (iii) a detailed sedimentation history 

utilising rock samples and (iv) a diagenetic study using a 

variety of microscopic and geochemical analyses of the 

mixed siliciclastic-carbonate sequence. 

1.2 MATERIALS FOR STUDY 

Several well materials were used. The detailed types of 

materials used are as follows: 

Processed Seismic Sections 

Five seismic sections were used for this study but not all 

of them appear in this thesis due to its confidentiality. 

Most of them were a scale migration type of sections 'IThiese 

seismic sections were used for structural interpretation. 

1.2.2 Electric and Wireline Logging Sheets 

The well logging sheet is a continuous record of physical 
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characteristics of the subsurface formations penetrated by 

a borehole in terms of depth using various well logging 

techniques 	(Rider, 1986). 	Electrologging which records 

resistivity and conductivity of the subsurface formations 

and spontaneous potentials generated in the borehole are 

important logging tools. 

Wireline loggings record 	various radioactivity, sonic, 

neutron, density, temperature, fractures and borehole size 

which help to identify a proper and correct evaluation of 

formations penetrated during drilling operation. The 

electrical and sonic logs were measured in an open hole, 

while radioactive surveys were conducted in both, open and 

cased holes. The data were recorded by means of instrument 

called 'sonde', lowered into the borehole through a cable 

Caliper, gamma—ray, neutron, density, sonic, spontaneous 

potentials logs and dipmeter tools were used in this 

project. However, only gamma—ray, sonic and density logs 

were extensively used, the rests remain as supporting 

materials. 

1.2.3 Basic Principle of Logging Techniques 

i. The gamma—ray (GR) : is a measurement of natural 

radioactivity of the formation produced by actinium, 

thorium and uranium decay and radioactive isotopes of 

potassium 1<40 and K19 (Schlumberger,1972) . It reflects the 
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shale content of the formation as radioactive elements tend 

to concentrate in clays and shales. The radioactivity is 

measured by detector made with a sodium iodide crystal. 

When a GR penetrates the crystal, it produces flash of 

light, later converted into an electric pulse by a 

photoelectric cell. The tool literally counts the GR by 

counting the intensity of flash produced by each energy 

level of GR entering the counter. The values are calibrated 

in American Petroleun Institute (API) units. The recording 

shows an increased in the natural gamma counts by 

deflection of the curve towards the right, 

ii, The Sonic Log : measures a formation capacity to 

transit sound waves (Rider,1986) or the travel time ( t) of 

a compressional sound waves through a fixed length of the 

formation (Schlumberger,1974) . In other words. the sonic 

tool measures the time taken for a sound pulse carried by 

compressional waves (P) to travel from the emitter to 

receiver in the units of microseconds per foot (usec/ft) 

The sound emission has a frequency between 20-40 kHz or 

20.000 —40,000 cycles/second (Rider,1986). The normal 

measurement speed is about 1500 rn/hour. 

hI. The Density Log 	is a continuous record of the bulk 

density of the rock, i.e. the solid matrix and the fluid 

enclosed in the pores. The bombardment of medium scale 

energy (0.2-2.0 MeV) collimated gamma rays through the 
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formation and the attenuation between the tool source and 

detector is measured. The reading dependson the number of 

electron that the formation has. The readings are measured 

in gram per cubic centimeter (g/cm3) 

iv, The Neutron Log 	is used for porosity determination. 

The neutron tools measure the hydrogen concentration in the 

formation interpreted in terms of liquid—filled porosity. 

Rider (1986) has defined it as a continuous record of a 

formation's reaction to fast neutron bombardment in terms 

of neutron porosity unit (in %) which are related to a 

formation's hydrogen index, an indication of its richness 

in hydrogen. 	The neutron has no electrical charge but is 

equivalent to a hydrogen nucleus. The distance which a 

neutron can travel during the collison depends on the 

abundance of hydrogen nuclei in the medium the greater the 

abundance of hydrogen, the shorter the travel distance. The 

fast neutrons used in logging have an initial energy 

between 4-6 MeV and initial velocity of 10,000 km/sec 

(Schlurnberger, 1974) 

v. The Resistivity Log 	: is more popular among the 

electrologging. It is a measurement of the substances 

ability to impede the flow of electric current through the 

substance. The voltage of a known current intensity passing 

through the formation via certain other electrodes is 

measured. Since there is a current path between electrodes 
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and formation, the sonde must be run in electrically 

conductive medium. Resistivity is measured in ohm-meter per 

meter. written as obmm. Conversely, conductivity logs 

measure the ability of substance within the formation to 

conduct an electric current or induced alternating current 

but the value is directly converted to resistivity since it 

is a reciprocal to conductivity. 

The Spontaneous Potentials (SF) 	is another type of 

electrologcring. It 	is 	a measurement of the natural 

potential differences (self-potentials) between a fixed 

standard reference electrode on the surface and a mobile 

electrode in the borehole which is pulled up against 

different formations. 	The SF currents originate from the 

electrical disequilibrium (Rider.1986) or through 

electrochemical effects created when the fluid comes into 

contact with a porous medium. The SP is measured in 

millivolts. 

The Dipmeter Log : gives information about dips and 

its orientation which are measured by correlation of 4 

micro-resistivity curves, simultaneously recorded by 4 pads, 

90 degrees apart, mounted on hydraulically actuated arms 

12.3 Subsurface Core and Cutting Samples 

A total length of 1,300 ft of cores were examined from two 

of the four wells studied. Although the cores are sometimes 
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not continuous, they are representative of every section in 

the mixed siliciclastic-carbonate interval. Within the 

interval where core samples were not available., cutting 

samples were used to fill these gaps. About 200 cutting 

samples with 5-10 meters sampling intervals were utilised. 

.3 METHODS 

The methodology adopted could be divided into two; (i) 

highly descriptive and interpretative, and (ii) laboratory, 

instrument-aided analytical techniques. 

1.3.1 Descriptive and Interpretative Analyses 

This technique applies to the first part of the project 

which involved structural interpretation os seismic 

sections. lithostratigraphic subdivision and well 

correlation using well logs. Core description which 

includes the recognition of sedimentary structures, 

textures and ichnofauna, leading to the interretatiofl of 

depositional environments. Furthermore, to construct the 

depositional model and palaeofacies development history of 

the sediments. 

i. Seismic and Logs Interpretation 

Seismic profiles were interpreted manually by looking at 

the seismic markers and the behaviour of the seismic 

reflectors. Sonic log was used to help in getting the-- he 
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actual bed baounadarjes. This log can be correlated with 

the seismic profiles by calculating the time depth interval 

velocity relationship. Seismic facies such as prograding, 

onlapping and carbonate— like facies units were recognised 

together with any fault systems that existed in the 

structure. 

The GP. log was used to identify the vertival lithotypes and 

for correlation purposes in combination with sonic and 

resistivity logs. 

The neutron log was used to identify the porosity variation 

within the study interval. 

ii.Core and Cutting Description 

A 1,300 m core was examined. The lithological changes. 

textures., sedimentary structures, microfossi 1 assemblages 

and other sedimentary features were recorded. These data 

were used to help the interpretation of sedimentary 

environments. 

Since most of the intervals were not cored, the cutting 

samples were used to fill these gaps. Not much information 

can be obtained from these samples except the possible 

1 ithotype. 

.3.2 Insthjment—Aided Analytical Techniques 
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Several petrographic and geochemical analyses were 

performed to gather as much data as possible, principally 

to solve the diagenetic history. 

i Staining and Acetate Peels 

The staining technique of Dickson (1965. 1966) was used to 

study carbonate-cemented rocks. The staining solution is a 

mixture of acid-based solutions of Alizarine Red S (ARS) 

and potassium ferricyanide (PF) . The first batch of samples 

were stained at room temperature while the second batch 

samples. the staining solution was kept in a water bath at 

a constant temperature (20 - 25 C) . It was done in order to 

get a better quality then in the room temperature and to 

reduce the residence time of carbon dioxide bubbles and to 

avoid a blotchy appearance on the sample surfaces. Imersion 

time from different samples varied by + 30 seconds in order 

to get a crood contrast between the cement crystals. 

Another set of slides were prepared, representing the 

similar surface as the above slides. These duplicate 

thin-sections were prepared for easy comparison between 

stained and cathodoluminescence (CL) features. The stained 

slides were not used for CL analysis. as the surface of the 

section remains uneven after etching with acid. The surface 

effects also caused inconsistency of mineral properties 

within the surface of the sample. In the interval where 

core samples were not available, cutting samples were 
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thin—ectionised. Since it was impossible to get the same 

surface for two slides due to size of the rock frarnents. 

the same slides were used for both, staining and CL 

analyses. 

Acetate peels were prepared for about 2096 of the samples 

studied. It was done by grinding and polishing the rock 

surfaces by 400.600 and finally by 1000 grade carborundum 

in order to get the smootest surface before staining and 

transferring them into acetate peel paper. Acetate peel 

technique is a useful technique in studying the fabrics and 

veining relationship on a larger scale than possible with 

ordinary thin—sections. However, it was found 

unsatisfactory for a mixed siliciclastic—carbonate 

sediments. This was simply because the sand grains were 

very friable and they could easily be removed during 

grinding and polishing stages, leaving an unsmooth surface. 

ii. Petrographic Microscopy 

Petrographic examination was carried out using a polarizing 

microscope at operating voltage between 5-9 mA. The study 

was made on stained, uncovered slides. Sediment texture, 

carbonate cement morphology and fossil assemblages were 

identified. Point counting analysis was also carried out 

with the help of point counter. 

iii. Scanning Electron Microscopy (SEM) 
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LEM work was carried out utilising a Cambridge 90 

Stereoscan machine. The best operating condition was about 

20 Ky. In most cases, the fresh broken rock chips were 

used.The samples were coated by gold sputter coating before 

examining them. 

iv. X-Ray Diffractometry (XRD) 

XRD was used to check and identify the clay types taht are 

present in the rocks. This technique was also used to check 

the purity of the carbonate cements. The samples were 

prepared in powder form. For clay studies, different 

fractions of clays were prepared for XRD analysis. Each 

powdered sample was smeared on glass slide and was run on a 

Phillips powder diffractometer system using 	Ni-filtered 

copper K-a radiation at 40KV on 20 mA. For mineral 

identification, the machine was run at a scan rate of 1 

and 0.25 20/rriin. ,respectively. 

v. Cathodoluminescence 	Microscopy 	(CL) 

Cathodoluminescence is the emission of light from a solid 

which is resulted from excitation by electrons. The 

intensity of CL is a function of current density at the 

specimen and accelerating potential voltage of applied 

electron beam (Miller,1988). There is a point called 

saturation level at which increasing the electron beam 

current ceased to produce greater luminescence intensity 

(Coy-yll,1970). Increasing beam energy beyond this level 
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produces a decrease in luminescent intensity. 

CL petrography was carried out using a Nuclide Corperation 

ELM-2B Lurninoscope; The best operating condition was 10-16 

kV at a beam current of 0.5 - 1.0 mA. Vacuum was constant 

at 0.55 - 0.75 mTorr. A monocular Olympus microscope with 

an adapter and 0M2 camera attachment were used for 

observation and photograph, respectively. 

The 	CL 	facility 	was also 	available in 	Cameca Camebax 

microprobe instrument 	where defocussing of electron beam 

could 	be done so that the sample areas could 	be 	viewed 

under 	CL. This 	was a great assistance in identifying the 

area 	for specific 	CL characteristics 	for 	microprobe 

analysis. 

vi. Electron Probe 

A quantitative wavelength dispersive analysis (WDC4S) on 

major and trace elements i.e. Ca. Mg, Fe. Mn, Sr. Si, Na 

and S was carried out using a Cameca Camebax microprobe 

instrument. The ideal operating conditions for WDS and 

Quantitative scan were at 15 kV beam voltage and 5 mA beam 

currents. The advantage of this model of microprobe is that 

it has a facility to defocus the beam so that the sample 

can be viewed under CL and allows precise positioning o 

points in each generation of cement. 
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Carbon-coated double polished slides of 48 x 25 mm sit 

were used for probe analysis. Small scale thin-section 

photos and area of interests photographs were used as 

photomaps. 

via.Back Scattered Electron Imagenary (BEI) 

This facility was available on the Cameca Camebax 

microprobe instrument. This technique was used to see the 

map variation in Fe and Mg in overall carbonate cements in 

a small area. The variations were displayed on the screen; 

the darker the colour, the more Fe content. The screen view 

could also be photographed using available camera 

attachment. 

viii. Stable Carbon and Oxygen Isotopes 

The stable carbon and oxygen isotopes were performed at. 

SURPC in East Kilbride. Carbonate-line set-up was used to 

investigate the carbon and oxygen isotopes characteristics 

of carbonate cements. 

The staining and CL techniques were employed to identify 

suitable samples for isotope analysis. But most of the 

samples could not be identified from their staining 

response due to the minute sizes of cement crystals: 

Sampling direct from stained blocks is not representative 

at all. Therefore, they must be delineated with CL: 
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The microstaes of cements made sampling for isotope study 

very difficult. A more complicated sampling technique was 

employed for every sample except the ones which appear as 

vein-filling cements. It was done by preparing a slightly 

thicker slides and photographed them under CL. The grid of 

photomaps were later used for locating the sample region, 

Since the amount of samples were still too small, similar 

procedures were followed for different samples which 

represented similar cement stage were collected until the 

weight is sufficient for stable isotope analysis.,: it is 

about 5-15 milligrams. However, it was very difficult to 

find a pure cement representing each cement stage as the 

zone was extremely small, mostly <5u. In that case, a bulk 

cement samples represented various known identified zones 

were prepared. The problem of sampling more than one cement 

zone could not be avoided in the intervals for which the 

only samples available were cutting samples. 

The clean carbonate powder samples (after removing of 

organic matter) were reacted with 10096 phosphoric acid at 

25 C to prepare the carbon dioxide following the standard 

procedures. ure calcite samples had reacted completely in 

3 hours whereas dolomites and ankerites required 72 hours 

In a case where there was a mixture of calcite and 

dolomite, the similar sample was treated twice. after 3 and 

72 hours . respectively. 
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Carbon dioxide was analysed with a mass spectrometer. The 

raw data were corrected using Craigs method by computer 

with reference to CO2 from a standard calcite. 
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